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SUMMARY
This th e s is  presents a reasonably sim ple a n a ly t ic a l and 
com putational model fo r  the s e l f - l im i t in g  low -frequency t r a n s is to r  o s c i l la to r s .  
The experim enta l design co n s is ts  o f  a s in g le - t r a n s is to r  C o lp it ts  c i r c u i t  
biased from a c u rre n t s ink  (a  c o n s ta n t-c u rre n t source) and p a r t ic u la r  
a t te n t io n  is  given to the methods which were f i r s t  described  in  two 
papers by K. K. C la rke  in  1966.
The s t a b i l i t y  c r i t e r io n  fo r  the s e l f - l im i t in g  and the c o lle c to r  
s a tu ra tio n  l im it in g  aspects o f  a BJT t r a n s is to r  o s c i l la t o r  c i r c u i t  is
d iscussed, and e x p l ic i t  expressions fo r  the am plitude o f  o s c i l la t io n s
!
are o b ta ined  by using the v a l id i t y  o f  E bers-M o ll equations a t la rg e -  
s ig n a l le v e l .
A th e o re t ic a l model has a lso  been developed to i l l u s t r a t e  the 
fe a tu re s  o f  an JG FET t r a n s is to r  o s c i l la t o r .  The c h a ra c te r is t ic s  o f  
th is  model fo r  the s e l f - l im i t in g  and the d ra in  l im i t in g  are  discussed in  
comparison w ith  the experim enta l c i r c u i t  perform ance. F u rth e r research  
fo r  h ig h -freq u en cy  o s c i l la t o r  an a ly s is  has been suggested and discussed  
in  d e t a i l .
Throughout the th e s is , i t  has been q u a l i t a t iv e ly  i l lu s t r a t e d  how 
one can design a d e s ira b le  t ra n s is to r  o s c lla to r  c i r c u i t  fo r  a s p e c if ic  
output v o lta g e  by knowing only the load conductance.
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SYMBOLS
The fo llo w in g  n o ta tio n s  have been used fo r  the cu rre n t and
v o lta g e  q u a n t it ie s :
a) dc values o f  q u a n tit ie s  are  designated by c a p ita l le t t e r s  w ith  
c a p ita l  subscrip ts  ( Ig ,  V^E) and th e  dc supply vo ltag es  have 
repeated  subscrip ts  (Vgg, Vcc) ,
b) s m a ll-s ig n a l components o f  cu rren ts  and vo ltages are represented
by lowercase le t t e r s  w ith  lowercase subscrip ts  ( i^ ,  v ce) >
c) la jrg e -s ig n a l components o f  cu rren ts  and vo ltages a re  represented
by uppercase le t t e r s  w ith  num erical subscrip ts  (1^,
d) the t o ta l  instantaneous values a re  in d ic a te d  by lowercase le t te r s  
w ith  uppercase subscrip ts  ( i^ ,  vCE) ,
e) f i n a l l y ,  phasors or rms values o f  these v a r ia t io n s  have uppercase 
l e t t e r s  w ith  lowercase su b scrip ts  ( I c , Vce) •
G e n e r a l  D e s c r i p t i o n  o f  t h e  S e l f - L i m i t i n g  
L o w - F r e q u e n c y  T r a n s i s t o r  O s c i l l a t o r s .
Chapter One:
(2)
1 . 1 .  I n t r o d u c t i o n
An o s c i l l a t o r  c a n  b e  c o n s i d e r e d  a s  a n e t w o r k  com posed  o f  t h r e e  
i n t e r c o n n e c t e d  t w o - p o r t s ,  o n e  c o n t a i n i n g  t h e  a c t i v e  e l e m e n t ,  t h e  s e c o n d  
t h e  f e e d b a c k  n e t w o r k  and  t h e  t h i r d  s e r v i n g  a s  t h e  f e e d b a c k  p a t h .  A 
v e r y  common fo rm  o f  a m p l i t u d e  s t a b i l i z a t i o n  u s e s  t h e  n o n l i n e a r i t y  o f  
t h e  a c t i v e  d e v i c e ’ s own t r a n s f e r  c h a r a c t e r i s t i c  t o  p r o v i d e  t h e  s e l f -  
l i m i t i n g  f e a t u r e  f o r  t h e  o s c i l l a t o r .  I n  s u c h  a c a s e ,  t h e  a c t i v e  d e v i c e  
i s  f o l l o w e d  b y  a r e s o n a n t  c i r c u i t  w h i c h  a c t s  l i k e  a n a r r o w b a n d  f i l t e r  and  
p a s s e s ,  o n l y  t h e  o s c i l l a t i o n  f r e q u e n c y .  T h i s ,  t h e n ,  r em o ve s  t h e  h a r m o n i c s  
g e n e r a t e d  b y  t h e  n o n l i n e a r  a c t i v e  e l e m e n t  and  t h u s  m a i n t a i n s  a  p r a c t i c a l  
s i n e - w a v e  o u t p u t  s i g n a l .  T h e  o u t p u t  s i g n a l  i s  e i t h e r  a s i n e - w a v e  c u r r e n t  
o r  a  s i n e - w a v e  v o l t a g e  i f  t h i s  i s  a s e r i e s  o r  a  p a r a l l e l  r e s o n a n t  c i r c u i t ,  
r e s p e c t i v e l y .
A p r a c t i c a l  o s c i l l a t o r  o f t e n  a t t a i n s  i t s  d e s i r e d  a m p l i t u d e  f o r  
an e x t e r n a l  l o a d  c o n d u c t a n c e  b y  r e a c h i n g  a  b a l a n c e  b e tw e e n  t h e  f e e d b a c k  
a l l o w e d  a t  r e s o n a n c e  b y  t h e  p a s s i v e  p o r t i o n  o f  t h e  c i r c u i t  and  t h e  n o n l i n e a r  
g a i n  o f f e r e d  b y  t h e  a c t i v e  e l e m e n t .
I t  t h e r e f o r e  be com es  i m p o r t a n t  t o  d e v e l o p  t e c h n i q u e s  t o  d e t e r m in e  
t h e  s t e a d y - s t a t e  r e s p o n s e  o f  a n o n l i n e a r  a c t i v e  d e v i c e ,  s u c h  a s  a  B JT  o r  
an JG F E T  t r a n s i s t e r ,  i n t e r a c t i n g  w i t h  a f r e q u e n c y - d e p e n d e n t  c i r c u i t .  T h i s  
i s  t h e  m a in  p u r p o s e  o f  t h e  w o rk  w h i c h  w i l l  b e  d e s c r i b e d  i n  t h e  f o l l o w i n g  
c h a p t e r s .
1 . 2 .  E x t e r n a l  P o s i t i v e  F e e d b a c k
I n  p e r f o r m i n g  t h e  f u n c t i o n  o f  a  s i n u s o i d a l  g e n e r a t o r ,  t h e  LC t u n e d  
o s c i l l a t o r  a c t s  e s s e n t i a l l y  a s  a  c o n v e r t e r .  I t  c o n v e r t s  p o w e r  f r o m  t h e  
d c  s u p p l y  t o  a c  p o w e r  w i t h  a p r a c t i c a l  s i n u s o i d a l  o u t p u t  s i g n a l  w hose  
f r e q u e n c y  i s  d e t e r m in e d  b y  t h e  r e a c t i v e  co m p o n e n t s  o f  t h e  c i r c u i t .
(3)
A n y  c i r c u i t  w i t h  p o w e r  g a i n  c a n  b e  made t o  o s c i l l a t e .  The  p r o c e s s  
o f  a m p l i f i c a t i o n  i s  v e r y  b a s i c  t o  an  o s c i l l a t o r .  We may r e g a r d  t h e  
o s c i l l a t i o n s  a s  r e p r e s e n t i n g  an  " u n s t a b l e "  a m p l i f y i n g  c o n d i t i o n ;  i t  
i s  a l s o  i m p l i e d  t h a t  t h e  i n s t a b i l i t y  i s  r e g u l a t e d  so  t h a t  a c o n s t a n t  
a m p l i t u d e  s i n u s o i d a l  o u t p u t  s i g n a l  r e s u l t s .
I f  p o s i t i v e  f e e d b a c k  i s  a p p l i e d  t o  an  a m p l i f i e r  c i r c u i t ,  i t  may 
becom e u n s t a b l e .  T h i s ,  t h e n ,  r e p r e s e n t s  o n e  f u n d a m e n t a l  w ay  t o  a c h i e v e  
an  o s c i l l a t o r .  I n  a n y  u n s t a b l e  c i r c u i t  we w i l l  n e e d  a f r e q u e n c y - d e t e r m i n i n g  
e l e m e n t  i f  we w i s h  t o  c o n t r o l  t h e  f r e q u e n c y  o f  o s c i l l a t i o n .  T h i s  i n  i t s  
s i m p l e s t  f o rm  means t h e  u s e  o f  e i t h e r  a  s e r i e s  o r  a p a r a l l e l  r e s o n a n t  
c i r c u i t .  An  o s c i l l a t o r ,  t h e n ,  i s  t h e  c o m b in a t i o n  o f  an  u n s t a b l e  a m p l i f y i n g  
c i r c u i t  and  a  f r e q u e n c y - d e t e r m i n i n g  n e t w o r k .  F u r t h e r m o r e ,  t h e r e  m ust  
e x i s t  n o n l i n e a r i t i e s  t o  l i m i t  t h e  a m p l i t u d e  o f  o s c i l l a t i o n s .
C o n s e q u e n t l y ,  a l l  p r a c t i c a l  s i n u s o i d a l  o s c i l l a t o r s  m u s t ,  a t  t h e  
m in im um , c o n t a i n :
a )  an  a c t i v e  d e v i c e  w i t h  s u f f i c i e n t  p o w e r  g a i n  a t  t h e  o p e r a t i n g  f r e q u e n c y  
( t h e  c i r c u i t  m u s t  s u p p l y  n o t  o n l y  an  o u t p u t  s i g n a l  b u t  a l s o  i t s  own 
i n p u t  d r i v i n g  s i g n a l ) ,
b )  a f r e q u e n c y - d e t e r m i n i n g  n e t w o r k ,  and
c )  an a m p l i t u d e - l i m i t i n g  a n d  s t a b i l i z a t i o n  m e ch an ism .
The  b l o c k  d i a g r a m  o f  p r i m a r y  n e t w o r k s  i n  a g r o u n d e d - b a s e  o s c i l l a t o r  
a r r a n g e m e n t  i s  shown i n  F i g . 1 . 1 .  T h i s  i s  t h e  a r r a n g e m e n t  f o r  s e l f - l i m i t i n g  
o s c i l l a t i o n s ,  a s  sh ow n , t h e  p o w e r  p u t p u t  i s  d i v i d e d .  One p o r t i o n  Cp l o a d ) 
i s  s u p p l i e d  t o  t h e  l o a d ;  t h e  r e m a i n d e r  ( P f e e d b a c k ) e n t e r s  t h e  f e e d b a c k  
n e t w o r k .
1 . 3 .  I n i t i a l  O s c i l l a t i o n s
The  m a j o r i t y  o f  a c t u a l  o s c i l l a t o r s  i n  common a p p l i c a t i o n  a r e  s e l f -
(4)
p o s i t i v e
f e e d b a c k
P: i_Z
/'■"v i n p u t
O
o u t p u t
n e t w o r k
pc r  pf + p i
F i g .  1 . 1 . The  b l o c k  d i a g r a m  o f  p r i m a r y  n e t w o r k s  i n  a lo a d e d
g r o u n d c d - b n s e  o s c i l l a t o r  a r r a n g e m e n t  f o r  s c i f - 1 i m i t i n g  
o s c i l l a t i o n s .  The  i n p u t  and  o u t p u t  n e t w o r k s  a l s o  
i n c l u d e  t h e  b i a s  c i r c u i t r y .
(5)
l i m i t i n g  s i n g l e - t r a n s i s t o r  o s c i l l a t o r s  o f  t h e  fo rm  shown i n  F i g .  1 . 2 .
T h i s  f i g u r e  show s t h e  p r o t o t y p e  C o l p i t t s  c i r c u i t ,  w i t h o u t  t h e  b i a s i n g  
n e t w o r k .  We h a v e  l e f t  t h e  b i a s  c i r c u i t r y  o u t  a t  f i r s t  t o  e m p h a s iz e  t h e  
o s c i l l a t i n g  a c t i o n ;  t h e  c o m p le t e  c i r c u i t  w i l l  b e  shown l a t e r .
I n  o r d e r  t o  g a i n  some c o n c e p t  o f  how t h e  f e e d b a c k  o s c i l l a t o r s  
p e r f o r m ,  c o n s i d e r  t h e  c i r c u i t  o f  F i g .  1 . 2 ( a ) ,  w h i c h  i s  a  g r o u n d e d - b a s e  
a m p l i f i e r  h a v i n g  a t u n e d  c o l l e c t o r  l o a d .  I f  we now c o n s i d e r  d r i v i n g  
t h i s  c i r c u i t  w i t h  a  s o u r c e  a t  a  v a r y i n g  f r e q u e n c y ,  i t  i s  c l e a r  t h a t  we w i l l  
ob ta in^  a maximum a m p l i f i c a t i o n  o n l y  a t  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  t u n e d  
c i r c u i t .  A s  a m a t t e r  o f  f a c t ,  t h e  a m p l i f i c a t i o n  on  e i t h e r  s i d e  o f  t h i s
f r e q u e n c y  w i l l  d r o p  o f f  s h a r p l y  i f  t h e  c i r c u i t  h a s  a h i g h  Q; t h i s  i s
s i m p l y  b e c a u s e  t h e  e f f e c t i v e  l o a d  im p e d a n c e  d r o p s  t o  a lo w  v a l u e  a t  f r e q u e n c i e s  
d i f f e r e n t  f r o m  r e s o n a n c e .
C o n s i d e r  now t h a t  we c o n n e c t  a  l e a d  a s  shown b y  t h e  d a s h e d  l i n e  i n  
1 . 2 ( a ) .  We f i r s t  n o t e  t h a t  t h e  c u r r e n t  f e d  b a c k  t o  t h e  i n p u t ,  i ^ ,  i s  i n  
p h a s e  w i t h  t h e  i n p u t  d r i v i n g  c u r r e n t ,  Y .  S i n c e  t h e  p h a s e  r e l a t i o n s h i p  
i s  c o r r e n t ,  i t  c a n  be  s e e n  t h a t  i f  t h e  a m p l i f i c a t i o n  i s  s u f f i c i e n t ,  t h e
p o w e r  f e d  b a c k  t o  t h e  i n p u t  may b e  e q u a l  t o  p o w e r  b e i n g  s u p p l i e d  b y  t h e
e x t e r n a l  s o u r c e .  I f  t h i s  i s  t h e  c a s e ,  we c a n  c o n s i d e r  t h e  c i r c u i t  t o  b e  
s u p p l y i n g  i t s e l f  b y  means o f  e x t e r n a l  p o s i t i v e  f e e d b a c k ,  and  o f  c o u r s e ,  
t h i s  r e p r e s e n t s  an o s c i l l a t o r .  The  C o l p i t t s  c i r c u i t  i n  1 . 2 ( b )  i s  e x a c t l y  
t h e  t y p e  o f  c i r c u i t  we h a v e  d e s c r i b e d .
1 . 4 .  N e g a t i v e - R e s i s t a n c e  A p p r o a c h
A n y  t r a n s i s t o r  f e e d b a c k  o s c i l l a t o r  a l s o  c a n  b e  d e s c r i b e d  i n  t e rm s  o f  
an  a v e r a g e  l a r g e - s i g n a l  n e g a t i v e  r e s i s t a n c e  p r o p e r t y .  O f  c o u r s e ,  t h e  
o s c i l l a t o r  c a n n o t  b e  s e p a r a t e d  i n t o  i t s  n e g a t i v e  r e s i s t a n c e  p o r t i o n  and 
i t s  t a n k  c i r c u i t .  The  r e a s o n  f o r  t h i s  i s  t h a t  t h e  t a n k  i s  r e q u i r e d  t o
(6)
4
l b )
F i g .  1 . 2 .  E x t e r n a l  p o s i t i v e  f e e d b a c k  a p p l i e d  t o  an  a m p l i f i e r  
c i r c u i t :  (a )  t h e  a m p l i f i e r ;  (b )  i t s  e q u i v a l e n t  
o s c i l l a t o r  c i r c u i t .
(7)
f o rm  t h e  n e g a t i v e  r e s i s t a n c e  c o n d i t i o n .
A  p r a c t i c a l  o s c i l l a t o r  w i l l  s t a b i l i z e  when t h i s  n e g a t i v e  r e s i s t a n c e  
f r o m  t h e  a c t i v e  d e v i c e  a d j u s t s  i t s e l f  t o  b a l a n c e  t o  t o t a l  i n e v i t a b l e  
l o s s e s  m a i n l y  i n  t h e  t a n k  c i r c u i t ,  a s  shown i n  F i g .  1 . 3 .  H o w e v e r ,  t h i s  
n e g a t i v e - r e s i s t a n c e  a p p r o a c h  i s  i d e n t i c a l  t o  t h e  p r e v i o u s  d e s c r i p t i o n  o f  
t h e  o s c i l l a t o r  a s  an  u n s t a b l e  a m p l i f i e r  w i t h  s u f f i c i e n t  e x t e r n a l  p o s i t i v e  
f e e d b a c k  f o r  t h e  c l o s e d  l o o p  g a i n  t o  b e  u n i t y .
1 . 5 .  F u n c t i o n  o f  t h e  P a s s i v e  P o r t i o n
i
I n  t h e  o s c i l l a t o r  c i r c u i t  o f  F i g . 1 . 2 ( b ) ,  t h e  i n e v i t a b l e  l o s s e s  a r e  
m a i n l y  t h e  i n d u c t i v e  and  c a p a c i t i v e  l o s s e s  i n  t h e  t a n k  c i r c u i t  and  t h e  
l o s s e s  due  t o  t h e  e x t e r n a l  l o a d  c o n d u c t a n c e  and  t h e  t r a n s i s t o r  l o a d i n g .  
T h e s e  l o s s e s  and  t h e  f e e d b a c k  r a t i o  NQd e t e r m in e  t h e  -vAjfc +
. c o n d u c t a n c e  Gm( f^ )  a t  t h e  f u n d a m e n t a l  f r e q u e n c y .  The  b i a s i n g  
c o n d i t i o n s  d e t e r m in e  t h e  s m a l l - s i g n a l  t r a n s i s t o r  t r a n s c o n d u c t a n c e  gmQ.
I n  t h e  o v e r a l l  o s c i l l a t o r  c i r c u i t ,  t h e  a m p l i t u d e  o f  o s c i l l a t i o n  a d j u s t s  
i t s e l f  s o  t h a t  t h e  a v e r a g e  l a r g e - s i g n a l  t r a n s c o n d u c t a n c e  G ^ (f^ )  f r o m  t h e  
a c t i v e  d e v i c e  i s  e x a c t l y  N ^ G ^ f^ )  r e q u i r e d  b y  t h e  p a s s i v e  c i r c u i t .  T h i s  
c a n  b e  s t a t e d  b y  t h e  f o l l o w i n g  s t a b i l i t y  c r i t e r i o n :
Gy ( f J
• ™ X-  = G ( f  )
Nq m v
= S h  + + gl U . l )
No
w h e re  G ^ and  G^ a r e ,  r e s p e c t i v e l y ,  t h e  t o t a l  s h u n t  c o n d u c t a n c e  o f  t h e  
t a n k  c i r c u i t  and  t h e  e x t e r n a l  l o a d  c o n d u c t a n c e  and  Gm^f l^ i s  t h e  
t r a n s i s t o r  l o a d i n g  on  t h e  t a n k .  E q u a t i o n  ( 1 . 1 )  i s  a c t u a l l y  t h e  l a r g e -  
s i g n a l  i n t e r p r e t a t i o n  o f  t h e  B a r k s h a u s e n  s t a b i l i t y  c r i t e r i o n  f o r  s t a b l e  
o s c i l l a t i o n s ,  and  shows t h a t  ^ ( f ^  i s  a  l i n e a r  f u n c t i o n  o f  Gg , F i g .  1 . 4 ( a ) .
F u r t h e r m o r e ,  t h e  t a n k  c i r c u i t  im p e d a n c e  a t  f^ i s  g r e a t e r  t h a n  i t s  
im p e d a n c e  a t  n f^ .  I n  p a r t i c u l a r ,  when t h e  o s c i l l a t o r  i s  l o a d e d ,  we h a v e  [1]
(8)
p a s s i v e  p o r t i o n
a c t i v e  d e v i c e
f o r  s t a b l e  o s c i l l a t i o n s
G,+G , =0 d sh
F i g .  1 . 3 .  N e g a t i v e - r e s i s t a n c e  a p p r o a c h  i n  an  o s c i l l a t o r  c i r c u i t .
(9)
| z T(jri0 1) |  a 1
(1 . 2)
w h e re  Qj i s  t h e  l o a d e d  Q o f  t h e  t a n k .  I f  i s  s u f f i c i e n t l y  h i g h  a s i n u s ­
o i d a l  o u t p u t  s i g n a l  i n  s p i t e  o f  l a r g e  h a r m o n i c  c o m p on e n t s  i n  t h e  c o l l e c t o r  
c u r r e n t  c a n  be  o b t a i n e d .  I f  t h i s  i s  t h e  c a s e ,  t h e  a c  p o r t i o n  o f  t h e  
e m i t t e r - t o - b a s e  v o l t a g e  may be  a s sum ed  t o  be  s i n u s o i d a l .  T h i s  s i n u s o i d a l  
v o l t a g e  a c t s  upon  t h e  t r a n s i s t o r  t o  p r o d u c e  a n o n s i n u s o i d a l  c o l l e c t o r  
c u r r e n t  b e i n g  f e d  i n t o  t h e  t a n k  c i r c u i t .  The  f u n c t i o n  o f  t h e  t a n k  i s  t o  
e x t r a c t  t h e  f u n d a m e n t a l  com p on en t  o f  t h i s  p u l s e l i k e  c o l l e c t o r  c u r r e n t  
and  t o  p r e s e n t  i t  w i t h  c o r r e n t  p h a s e  r e l a t i o n s h i p  t o  t h e  e m i t t e r - b a s e  
j u n c t i o n .  C o n s e q u e n t l y ,  we may w r i t e
a s  i n d i c a t e d  i n  F i g .  1 . 2 ( b ) .
E q u a t i o n  ( 1 . 3 )  i m p l i e s  t h a t  a s  s o o n  a s  t h e  i n p u t  d r i v i n g  v o l t a g e  V 1 
i s  d e f i n e d  f o r  a p a r t i c u l a r  l o a d  c o n d u c t a n c e ,  a u n i q u e  t r a n s f e r  f u n c t i o n
T h i s  f i g u r e  c a n  be  u s e d  t o  d e s c r i b e  t h e  a c t u a l  p e r f o r m a n c e  o f  a l o a d e d  
o s c i l l a t o r  a s  f o l l o w s :
a) a s  so o n  a s  t h e  d c  p o w e r  s w i t c h  i s  c l o s e d ,  i f  t h e  c i r c u i t  o s c i l l a t e s ,  
t h e  o s c i l l a t i o n  g row s  t o  r e d u c e  A y . 3  t o  u n i t y  ( R e g io n  I ) ,
c r i t e r i o n  f o r  s t a b l e  o s c i l l a t i o n  i s  s a t i s f i e d  ( R e g io n  I I ) ,  and
c )  b e yo n d  t h i s  p o i n t  t h e  v o l t a g e  g a i n  Ay  i s  s m a l l  so  t h a t  A y .R  i s  l e s s  
t h a n  u n i t y  ( R e g io n  I I I ) .  C o n s e q u e n t l y ,  t h e  o s c i l l a t i o n  d e c a y s  t o
a m p l i t u d e  o u t p u t  s i g n a l  i s  d e v e lo p e d .
The  a c t u a l  n o n l i n e a r  a m p l i f y i n g  a c t i o n  o f  t h e  l o a d e d  o s c i l l a t o r  i s  
shown i n  F i g .  1 . 5 .  T h e r e f o r e ,  o s c i l l a t o r s  a r c  e s s e n t i a l l y  n o n l i n e a r  d e v i c e s ,
( 1 . 3 )
G ^ f j . )  e x d s t s  and  a  n o n l i n e a r  f u n c t i o n  o f  V^, a s  shown i n  F i g .  1 . 4 ( b ) .
b )  e v e n t u a l l y ,  A y . B  = 1 | 360°  i s  a p p r o a c h e d  and  t h e  B a r k s h a u s e n  s t a b i l i t y
i n c r e a s e  t h e  g a i n ;  and  u l t i m a t e l y  A y . 3  = 1 |360°  r e s u l t s ,  and  a c o n s t a n t
(10)
a m p l i t u d e  c h a r a c t e r i s t i c
(b )
F i g .  1 . 4 .  L a r g e - s i g n a l  c h a r a c t e r i s t i c s  o f  a l o a d e d  t r a n s i s t o r
o s c i l l a t o r  c i r c u i t .  I n  a p r a c t i c a l  o s c i l l a t o r ,  o n e  c a n  
u s e  t h e s e  c h a r a c t e r i s t i c s  t o  d e t e r m in e  t h e  a m p l i t u d e  o f  
o s c i l l a t i o n  b y  k n o w in g  o n l y  t h e  l o a d  c o n d u c t a n c e .
(11)
F i g . 1 . 5  The  n o n l i n e a r  v o l t a g e  g a i n  v a r i a t i o n s  
i n  a  l o a d e d  t r a n s i s t o r  o s c i l l a t o r  
c i r c u i t  f o r  p r o d u c i n g  a c o n s t a n t -  
a m p l i t u d e  o u t p u t  s i g n a l .
(12)
an d  o p e r a t e  u n d e r  l a r g e - s i g n a l  c o n d i t i o n s .
1 . 6 .  S e l f - S t a r t i n g  O s c i l l a t i o n s
In  a  p r a c t i c a l  o s c i l l a t o r ,  t h e  o s c i l l a t i o n s  a r e  s e l f - s t a r t i n g  
and  b e g i n  a s  s o o n  a s  t h e  d c  p o w e r  i s  a p p l i e d ,  i f  s u f f i c i e n t  p o w e r  g a i n  
i s  a v a i l a b l e  and  t h e n ,  w i l l  g i v e  r i s e  t o  a  s i n u s o i d a l  o u t p u t  s i g n a l  
w i t h  an  e x p o n e n t i a l l y  g r o w in g  e n v e l o p e ,  a s  shown i n  F i g .  1 . 6 .  W hat m akes 
t h i s  p o s s i b l e  i s  an  i n i t i a l  d i s t u r b a n c e  s u c h  a s  t h e  e l e c t r i c  n o i s e  o r  a 
c h a n g e  i n  t h e  d c  s u p p l y  v o l t a g e  a s  s o o n  a s  t h e  p o w e r  s w i t c h  i s  c l o s e d .
i
C o n s e q u e n t l y ,  a s  s o o n  a s  t h e  p o w e r  s w i t c h  i s  c l o s e d ,  t h e r e  i s  
a l r e a d y  some e n e r g y  i n  t h e  c i r c u i t  a t  t h e  f r e q u e n c y  f o r  w h i c h  i t  i s  
d e s i g n e d  t o  o s c i l l a t e .  T h i s  e n e r g y  i s  v e r y  s m a l l  and  i s  b u r i e d  w i t h  a l l  
t h e  o t h e r  h a r m o n i c  c o m p on e n t s  a l s o  p r e s e n t ,  and  w i l l  becom e s l i g h t l y  
g r e a t e r  e a c h  t im e  i t  g o e s  a r o u n d  t h e  l o o p ;  u l t i m a t e l y  b e com es  l i m i t e d  b y  
t h e  c i r c u i t ’ s own n o n l i n e a r i t i e s  ( F i g . 1 . 5 )  w h e re  t h e  s t a b i l i t y  c r i t e r i o n  
o f  E q u a t i o n  ( 1 . 1 )  i s  s a t i s f i e d .
1 . 7 .  C l a s s  o f  O p e r a t i o n
I n  o p e r a t i n g  an o s c i l l a t o r ,  i f  o n e  knows t h e  a c t u a l  i n p u t  w a v e sh a p e ,  
i f  o n e  knows t h a t  t h e  o u t p u t  s i g n a l  i s  s i n u s o i d a l ,  a nd  i f  o n e  h a s  t h e  p r o p e r  
i n p u t / o u t p u t  s t a t i c  c h a r a c t e r i s t i c s  o f  t h e  a c t i v e  d e v i c e ,  t h e n  o ne  c a n  
a lw a y s  c a l c u l a t e  t h e  o u t p u t  c u r r e n t  w a v e fo rm  and  c l a s s  o f  o p e r a t i o n .
I n  a t r a n s i s t o r  o s c i l l a t o r ,  t h e  c o m b in a t i o n  o f  t h e  a v e r a g e  v o l t a g e  
a c r o s s  t h e  e m i t t e r - b a s e  j u n c t i o n  a n d  t h e  r f  s w in g  v o l t a g e  w a v e fo rm  
d e t e r m in e s  i t s  c l a s s  o f  o p e r a t i o n ,  n a m e ly ,  c l a s s  A ,  c l a s s  A B ,  c l a s s  B , 
c l a s s  C ,  c l a s s  D, and  c l a s s  E /  Among t h e s e  d i f f e r e n t  c l a s s e s  o f  o p e r a t i o n ,  
c l a s s  E i s  t h e  m o s t  e f f i c i e n t  [2 ]  and  c l a s s  C i s  r e a s o n a b l y  e f f i c i e n t  and  
p r o d u c e r  o f  h a r m o n i c s .  C l a s s  C - o p e r a t i o n  i s  d e f i n e d  a s  t h a t  c o m b in a t i o n
(13)
F i g . 1 , 6  T h e  n o n l i n e a r  a m p l i f y i n g  a c t i o n  o f  a l o a d e d  
t r a n s i s t o r  f e e d b a c k  o s c i l l a t o r  f o r  p r o d u c i n g  
/  s t a b l e  o s c i l l a t i o n s .
(14)
o f  t h e  a v e r a g e  v o l t a g e  and  t h e  i n p u t  d r i v i n g  v o l t a g e  w h e re  t h e  
t r a n s i s t o r  c o n d u c t s  f o r  l e s s  t h a n  o n e  h a l f  o f  a c o m p le t e  c y c l e .  F o r  
t h e  r e s t  o f  t h e  c y c l e ,  i t  r e m a in s  i n  t h e  c u t - o f f  c o n d i t i o n ,  and  t h e  v e r y  
s m a l l  v a l u e  o f  t h e  c u t - o f f  c u r r e n t  f l o w s ,  a s  shown i n  F i g .  1 . 7 .
I n  a t r a n s i s t o r  f e e d b a c k  o s c i l l a t o r  c i r c u i t  o p e r a t i n g  i n  c l a s s  C ,  
t h e  p e r i o d i c  c o l l e c t o r  c u r r e n t  w h i c h  i s  f e d  i n t o  t h e  t a n k  c i r c u i t  
g e n e r a t e s  a  p r a c t i c a l  s i n u s o i d a l  o u t p u t  v o l t a g e .  I n  t h e  c a s e  we a r e  
a b o u t  t o  c o n s i d e r ,  t h e  t a n k  i s  e f f e c t i v e l y  a c r o s s  t h e  o u t p u t  t e r m i n a l s  
o f  t h e  t r a n s i s t o r  ( F i g .  1 . 2 ) ,  a nd  t h e  o u t p u t  s i g n a l  i s  d e v e lo p e d  a c r o s s  
i t .  The  t a n k  i s  d e l i v e r i n g  p o w e r  t o  t h e  l o a d  d u r i n g  t h a t  p a r t  o f  t h e  c y c l e  
w h e re  t h e  t r a n s i s t o r  i s  c u t  o f f ,  and  s t o r e s  e n e r g y  when t h e  t r a n s i s t o r  i s  
c o n d u c t i n g .  I n  a  w e l l  d e s i g n e d  c l a s s  C - o s c i l l a t o r , t h e  p o w e r  d i s s i p a t i o n  
a c r o s s  t h e  o u t p u t  o f  t h e  t r a n s i s t o r  i s  s m a l l  and  t h e n ,  t h e  e f f i c i e n c y  i s  
h i g h e r .
The  p u l s e l i k e  c o l l e c t o r  c u r r e n t  w a v e fo rm  c o n t a i n s  a f u n d a m e n t a l  
c o m p o n en t  and  h i g h e r  h a r m o n i c s  i n  a d d i t i o n  t o  a d c  o r  a v e r a g e  v a l u e .  The  
F o u r i e r  a n a l y s i s  o f  t h i s  w a v e fo rm  p r o v i d e s  t h e  a v e r a g e  v a l u e  and  t h e  
r e l a t i v e  a m p l i t u d e s  o f  t h e  h a r m o n i c  c o n t e n t ,  I n  a g r o u n d e d - b a s e  o s c i l l a t o r  
c i r c u i t ,  t h e  s p i k e s  o f  t h e  c o l l e c t o r  c u r r e n t  w a v e fo rm  o c c u r  a t  t h e  m in im a  
o f  t h e  i n p u t / o u t p u t  v o l t a g e s  w h i c h  a r e  i n  p h a s e ,  F i g .  1 . 7 ,
1 . 8 .  DG B e h a v i o u r
In  t h e  p r e v i o u s  s e c t i o n s ,  we d e s c r i b e d  an  o v e r a l l  a c  p e r f o r m a n c e  o f  
a  l o a d e d  t r a n s i s t o r  o s c i l l a t o r .  The  o s c i l l a t o r  a l s o  h a s  a d c  b e h a v i o u r  
i n  w h i c h  t h e  a v e r a g e  v o l t a g e  d r o p  a c r o s s  t h e  e m i t t e r - b a s e  j u n c t i o n  d e c r e a s e s  
i n  m a g n i t u d e  a s  t h e  a m p l i t u d e  o f  o s c i l l a t i o n  i n c r e a s e s .  T h i s  r e s u l t s  i n  
an  i n c r e a s e  i n  t h e  a v e r a g e  c u r r e n t  and  t h e n ,  t h e  Q - p o i n t  m oves a l o n g  t h e  d c  
i n p u t  l o a d  l i n e .  I t  i s  t h i s  c h a n g e  i n  t h e  a v e r a g e  v o l t a g e  w h i c h  p r o v i d e s  
t h e  s e l f - a d j u s t i n g  f e a t u r e  o f  t h e  o s c i l l a t o r  c i r c u i t .
(15)
F i g . 1 . 7  C u r r e n t  and i n p u t / o u t p u t  v o l t a g e s
w a v e fo rm s  o f  a t r a n s i s t o r  o s c i l l a t o r  
c i r c u i t  o p e r a t i n g  i n  c l a s s  C.
(16)
The e x p e r im e n t a l  d e s i g n  c o n s i s t s  o f  a s i n g l e - t r a n s i s t o r  C o l p i t t s  
o s c i l l a t o r  c i r c u i t  i n  t h e  com m on -ga te  c o m m e c t io n ,  and  b i a s e d  f r o m  e i t h e r  
a c o n s t a n t - c u r r e n t  s o u r c e  o r  a  f i x e d  b i a s  r e s i s t o r .  The  c i r c u i t s  u s e  t h e
U310 N - c h a n n e l  j u n c t i o n  g a t e  f i e l d - e f f e c t  t r a n s i s t o r  and  a r e  d e s i g n e d  t o
o p e r a t e  a t  1 M H z . ,  a s  a r e  shown  i n  F i g .  1 . 8 .
The  f i x e d  b i a s  r e s i s t o r  Rg p r o v i d e s  t h e  d c  n e g a t i v e  f e e d b a c k  t o  r e d u c e
t h e  v a r i a t i o n s  o f  1 ^, and  a l l o w s  t h e  a v e r a g e  d r a i n  c u r r e n t  t o  i n c r e a s e  
s l i g h t l y  w i t h  t h e  a m p l i t u d e  o f  o s c i l l a t i o n .  The p h i l o s o p h y  o f  t h i s  b i a s
1.9. Experimental Circuits
T h e r e f o r e ,  t h e  o p e r a t i n g  Q - p o i n t  i s  s e t  b y  V DD, V G g , , R2 , and  Rg ,
F i g .  1 . 8 ( a ) .  R g ( l a r g e )  a v o i d s  a n y  f o r w a r d  c u r r e n t  p i c k u p .
The  c o n s t a n t - c u r r e n t  s o u r c e  ( a  c u r r e n t  s i n k )  o f  F i g .  1 . 8 ( b )  i s  c h o s e n  
t o  b e  a g r o u n d e d - b a s e  a m p l i f i e r .  I t  p r o v i d e s  a c o n s t a n t  a v e r a g e  d r a i n  
c u r r e n t  a t  i t s  i n i t i a l  b i a s  l e v e l  and  i n d e p e n d e n t  o f  t h e  a m p l i t u d e  o f  
o s c i l l a t i o n .  The  r e a s o n  f o r  t h i s  i s  t h a t  when t h e  c i r c u i t  i s  o s c i l l a t i n g  
i t  a c t s  l i k e  a v e r y  l a r g e  r e s i s t o r .  I t  d o e s  n o t  p i c k  up  a n y  a c  c u r r e n t  
b e c a u s e  X ^ 2  e f f e c t i v e l y  d o m in a t e s .
The  o s c i l l a t o r  i s  d r i v e n  a t  i t s  t e r m i n a l  b y  t h e  i n p u t  d r i v i n g
v o l t a g e  w h i c h  e f f e c t i v e l y  a p p e a r s  a c r o s s  t h e  j u n c t i o n .  The
o u t p u t  v o l t a g e  i s  d e v e lo p e d  a c r o s s  t h e  t a n k  c i r c u i t -  t h e  e x t e r n a l  p o s i t i v e  
f e e d b a c k  r e q u i r e d  f o r  o s c i l l a t i o n s  i s  d e r i v e d  b y  c a p a c i t i v e  t a p p i n g  o f  t h e  
t a n k  c i r c u i t .  The  e x t e r n a l  l o a d  c o n d u c t a n c e  on  t h i s  o s c i l l a t o r  d e t e r m in e s  
t h e  p o w e r  o u t p u t  and  i s  c a p a c i t i v e l y  c o u p l e d  i n t o  t h e  t a n k .
d e s i g n  i s
V -  VDD GS
DQ ( 1 . 4 )
1 . 1 0 .  C o n c l u s i o n s
A n y  c i r c u i t  w i t h  s u f f i c i e n t  p o w e r  g a i n  c a n  b e  made t o  o s c i l l a t e .
(17)
a
F i g . 1 . 8  E x p e r im e n t a l  c i r c u i t s ;  ( a )  t h e  o s c i l l a t o r  b i a s e d  
f r o m  a f i x e d  r e s i s t o r ,  (b )  t h e  o s c i l l a t o r  b i a s e d  
f r o m  a c o n s t a n t - c u r r e n t  s o u r c e ( c u r r e n t  s i n k ) .
(18)
We may r e g a r d  t h e  o s c i l l a t i o n s  a s  r e p r e s e n t i n g  an  u n s t a b l e  a m p l i f y i n g  
c o n d i t i o n .
I f  s u f f i c i e n t  e x t e r n a l  p o s i t i v e  f e e d b a c k  i s  a p p l i e d  t o  an a m p l i f i e r  
c i r c u i t ,  t h e  c i r c u i t  may becom e u n s t a b l e .  T h i s ,  t h e n ,  r e p r e s e n t s  o n e  way 
t o  a c h i e v e  an  o s c i l l a t o r .
A l s o  e v e r y  o s c i l l a t o r  c a n  b e  d e s c r i b e d  i n  t e rm s  o f  an  a v e r a g e  l a r g e -  
s i g n a l  n e g a t i v e  r e s i s t a n c e  f r o m  t h e  a c t i v e  d e v i c e  i n  c o n j u n c t i o n  w i t h  a  
f r e q u e n c y - d e t e r m i n i n g  n e t w o r k .  The  f u n c t i o n  o f  t h i s  n e g a t i v e  r e s i s t a n c e  
i s  t o  c o m p e n sa te  f o r  t h e  t o t a l  i n e v i t a b l e  l o s s e s  i n  t h e  p a s s i v e  p o r t i o n  
o f  t h e  o s c i l l a t o r .  I n  t h e  f e e d b a c k  o s c i l l a t o r ,  t h e  n e g a t i v e  r e s i s t a n c e  
i s  an  i n t e g r a l  p a r t  o f  t h e  c o m p le t e  c i r c u i t ,  i . e .  i t  c a n n o t  b e  o b t a i n e d  
s e p a r a t e l y .  H o w e v e r ,  t h e  n e g a t i v e - r e s i s t a n c e  a p p r o a c h  i s  i d e n t i c a l  t o  t h e  
a b o v e  d e s c r i p t i o n  o f  an  o s c i l l a t o r  a s  an  u n s t a b l e  a m p l i f i e r  w i t h  s u f f i c i e n t  
e x t e r n a l  p o s i t i v e  f e e d b a c k  f o r  t h e  c l o s e d  l o o p  g a i n  t o  b e  u n i t y .
I n  a p r a c t i c a l  o s c i l l a t o r ,  t h e  o s c i l l a t i o n s  a r e  s e l f - s t a r t i n g  and  
b e g i n  a s  s o o n  a s  t h e  d c  s u p p l y  s w i t c h  i s  c l o s e d  and  g i v e  r i s e  t o  a  
s i n u s o i d a l  o u t p u t  s i g n a l  w i t h  an  e x p o n e n t i a l l y  g r o w in g  e n v e l o p e ;  and  
u l t i m a t e l y  be com es  l i m i t e d  b y  t h e  c i r c u i t ’ s  own n o n l i n e a r i t i e s .  The 
r e s u l t  o f  t h e s e  n o n l i n e a r i t i e s  c a n  b e  s t a t e d  b y  s a y i n g  t h a t  t h e  o s c i l l a t o r  
a t t a i n s  i t s  d e s i r e d  a m p l i t u d e  f o r  t h e  p a r t i c u l a r  l o a d  c o n d u c t a n c e  b y  
r e a c h i n g  a  b a l a n c e  b e tw e e n  t h e  f e e d b a c k  a l l o w e d  a t  t h e  r e s o n a n c e  b y  t h e  
p a s s i v e  p o r t i o n  and  t h e  n o n l i n e a r  g a i n  o f f e r e d  b y  t h e  a c t i v e  d e v i c e .  
T h e r e f o r e ,  t h e  o s c i l l a t o r s  a r e  e s s e n t i a l l y  n o n l i n e a r  d e v i c e s ,  and  o p e r a t e  
u n d e r  l a r g e - s i g n a l  c o n d i t i o n s .  I n  t h e  f o l l o w i n g  c h a p t e r ,  we s h a l l  
i l l u s t r a t e  t h a t  t h e  s m a l l - s i g n a l  t h e o r y  o n l y  p r e d i c t s  w h e t h e r  t h e  c i r c u i t  
w i l l  o s c i l l a t e ,  and  f a i l s  t o  d e s c r i b e  how i t  w i l l  s t a b i l i z e .
R e v ie w  o f  t h e  S m a l l - S i g n a l  T h e o r y
(20)
2 . 1 .  I n t r o d u c t i o n
H a v in g  g a i n e d  some i n s i g h t  i n t o  how a l o a d e d  t r a n s i s t o r  o s c i l l a t o r  
w o r k s ,  we now p r o c e e d  t o  c o n s i d e r i n g  a n  a p p r o p r i a t e  m a t h e m a t i c a l  
a n a l y s i s  o f  s u c h  a n o n l i n e a r  d e v i c e .
The  p u r p o s e  o f  t h i s  c h a p t e r  i s  t o  p r o v i d e ,  i n  a s i m p l e  w o r k i n g  
r e f e r e n c e ,  a r e v i e w  o f  t h e  s m a l l - s i g n a l  t h e o r y  o f  o s c i l l a t o r s  and  i t s  
f a i l u r e  i n  p r e d i c t i n g  s t a b l e  o s c i l l a t i o n s .  H o w e v e r ,  i n  s p i t e  o f  t h i s  
f a i l u r e ,  f r o m  a  s m a l l - s i g n a l  a n a l y s i s  we c a n  d e t e r m in e  t h e  c o n d i t i o n s  
f o r  t h e  c i r c u i t  t o  o s c i l l a t e  and  i t s  o s c i l l a t i o n  f r e q u e n c y .
I
2 . 2 .  A  S im p l e  G r o u n d c d - B a s e  H y b r i d - t r  M o d e l  f o r  S m a l l - S i g n a l  A n a l y s i s  
The  h y b r i d - i r  m ode l f o r  t h e  t r a n s i s t o r  i s  p o s s i b l y  t h e  m o s t  u s e f u l
s m a l l - s i g n a l  m o d e l .  The  h y b r i d - i r  m ode l  c a n  b e  s u c c e s s f u l l y  d e r i v e d  b y  
u s i n g  t h e  c h a r g e - c o n t r o l  d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  i n t r i n s i c  t r a n s i s t o r  
( t h e  t r a n s i s t o r  s t r i p p e d  o f  j u n c t i o n  c a p a c i t a n c e  and  b a s e  s p r e a d i n g  
r e s i s t a n c e  [ 3 H 4 ] ,
. ,  _ _ q F _ ^ F  ^ R
6  XBF d t  t BR d t
1 1 Ar
^E -  q F  ^ t  + x  ^ + d t  T ~  ( 2 - 1 )* P TF BF R
q F 1 1 d q R
dc  = -  T “ + q R C“ T  + * " d FL F R TR BR d t
w h e re  q p and  q p a r e  t h e  f o r w a r d  and  r e v e r s e  c o n s t i t u e n t  c h a r g e s ,  and  
V  Tg» Tgp> antl Tgg a r c  t l i e  c h a r g e  c o n t r o l  p a r a m e t e r s  o f  t h e  t r a n s i s t o r  
and  a r e  n o t  c o n s t a n t  b u t  depend  on t h e  s t a t e  o f  c o n d u c t i o n .  I t  c a n  h o w e v e r  
be  a ssum ed  t h a t  t h e  e q u a t i o n s  a r e  p i e c e w i s e  l i n e a r  a b o u t  a q u i e s c e n t  
s t a t e .  E q u a t i o n s  ( 2 . 1 )  a r e  s o l v e d  f o r  c o n d i t i o n s  o f  s m a l l  e x c u r s i o n s ,
S i p , S i p , and S i '  f r om  q u i e s c e n t  c u r r e n t s  I p ,  I , and I
*B = XB + 6 i B
1E = TE + S l E ( 2 . 2 )
. 1C = TC + 6 l c
(21)
E q u a t i o n s  ( 2 . 1 )  a r e  b a s e d  on  t h e  p r i n c i p l e  o f  t h e  e x c e s s  m i n o r i t y
c h a r g e  q = qp  + q R i n  t h e  a c t i v e  b a s e  r e g i o n  b e i n g  c o n t r o l l e d  b y  t h e
b a s e  c u r r e n t .  P r o v i d e d  t h a t  t r a n s i e n t s  a r e  s l o w  i n  c o m p a r i s o n  w i t h  t h e
t r a n s i t  t im e  o f  c a r r i e r s  a c r o s s  t h e  b a s e  r e g i o n ,  t h e  c o l l e c t o r  c u r r e n t
i s  p r o p o r t i o n a l  t o  t h e  e x c e s s  c h a r g e  [ 4 ] ,  Shown i n  F i g .  2 . 1 , i s  a s i m p l e
g r o u n d e d - b a s e  h y b r i d - 7T m o d e l  u s e f u l  f o r  s m a l l - s i g n a l  a n a l y s i s  o f  a t r a n s i s t o r
o s c i l l a t o r .
2 . 3 .  The  H y b r i d - n  M o d e l  o f  C o l p i t t s  C i r c u i t
j
I n  u n d e r s t a n d i n g  t h e  p e r f o r m a n c e  o f  a t r a n s i s t o r  o s c i l l a t o r ,  an 
u n d e r s t a n d i n g  o f  b a s i c  o s c i l l a t o r  p r i n c i p l e s  i s  n o t  o n l y  d e s i r a b l e  b u t  
e s s e n t i a l .  B a s i c a l l y  t h e  C o l p i t t s  o s c i l l a t o r  c i r c u i t  c a n  b e  t h o u g h t  o f  
a s  a c l o s e d  l o o p  s y s t e m  com p osed  o f  a  g r o u n d e d - b a s e  n a r r o w b a n d  a m p l i f i e r  
and  a  f e e d b a c k  p a t h .  I f  t h e  f e e d b a c k  l o o p  i s  b r o k e n  a t  t h e  e m i t t e r ,  t h e  
o s c i l l a t o r  r e d u c e s  t o  i t s  e q u i v a l e n t  a m p l i f i e r ,  a s  shown i n  F i g .  2 . 2 .
T h i s  c i r c u i t  c a n  b e  u s e d  t o  m e a su re  t h e  s m a l l - s i g n a l  t r a n s i s t o r  t r a n s ­
c o n d u c t a n c e  a t  t h e  o s c i l l a t o r  f r e q u e n c y .
L e t  u s  now u s e  t h e  h y b r i d - it  m o d e l  o f  F i g . 2 . 1 ,  t o g e t h e r  w i t h  t h e
B a r k s h a u s e n  c r i t e r i o n  f o r  a  s u s t a i n e d  o s c i l l a t i o n  and  f o r m u l a t e  t h e
o s c i l l a t o r ’ s b e h a v i o u r .  From  F i g .  2 . 3 ,  we c a n  w r i t e
ZA
*b Z. + Zr. + Z „  * 1 ( 2 - 3 )
a nd ,
V '  =
ZA ‘ ZC
ZA + ZB + ZC
( 2 . 4 )
D i v i d i n g  E q u a t i o n  ( 2 . 4 )  b y  Z ^ Z g . Z ^  YA = ~  ; Y g = ~  ; YQ = j -  , y i e l d s
Yg A  B C
V "  Y  Y  + Y Y  + Y Y  * 1  
B C  C A  A  B
B a v
Y nY_ + Y „ Y  + Y . Y  * “
B C C A A  B e
( 2 . 5 )
w h e re  v '  = K v ,  w h e re  K > 1 ( t h e  B a r k s h a u s e n  s t a b i l i t y  c r i t e r i o n  f o r  t h e
F i g . 2 . 1  A  s i m p l e  g r o u n d e d - b a s e  b i p o l a r  t r a n s i s t o r  
h y b r i d - T T m o d e l  f o r  s m a l l - s i g n a l  o s c i l l a t o r  
a n a l y s i s .
(23)
F i g . 2 . 2  C o l p i t t s  o s c i l l a t o r ’ s own a m p l i f i e r  
s t a g e .
(24)
( b )  “
F i g . 2 . 3  The  h y b r i d - 7 T m o d e l  f o r  C o l p i t t s  c i r c u i t .
(25)
S u b s t i t u t i n g  f o r  Y^ , Y g , Y^ i n t o  ( 2 . 5 )  and  r e p l a c i n g  V  
and  l e t t i n g
oscillations to start).
er  = r A
e r  +R„ e E
w h e re  r  = r , „  , we o b t a i n  e b e *
K p f BY B + YA (Y B + YC ^  ■ “ Y B
o r ,
K - f f j a C p t M C ,  ♦ C J  ♦ / ]  ♦ (juC^ ♦ 3^ ^  ♦ i - )  X
V» O Li
! [ j « ( C 1 + C 2  + C^) + ~r]  J  = jwC^a
w h e re  C = C, .. and  C = C , .  , b u t  y b e  tr b e *
1 _ r - j to L
j  coL + r  2 2 . 2J r  + to L
t h e n  ( 2 . 6 ) r e d u c e s  t o
2 2 
K^ - o )  C1 CC2 + Cff) + j  p A  -  w Cy (Ci  + C2 + +
w L ( C .  + C 9  + C ) .
1 2 v + r  J _  . _ i   .
2 2 . 2  2 2.  2 * r   ^ r " R Tr  + go L r  +co L  e e L
(^(C. + C0 + C ) r  o)C
4 r ________     H_____ j .  (r n i r* i . R
1 1  r 2  + w2 L 2  \  1 2  ^  "
WL • 1  = jwC.a2 2 . 2  * r  fr  + to L e J
° r * 2
9  J GO 1 1 ( 0 3  + (ft + C )
K [ - U C . C C -  + C J  -  a> C (C , + C -  + C ) + ,  L , ---f t ---- —  H1 2  tt y 1 2 tt *" 2» 2y 2
r  + a) L
r  1 1 , r wCl  . (C1 + C2 + C7r^r
2 2.2 * r '  r ' R ^  jK ^r" 2 2.2 +r  + g o  L e e L  e r  + g o  L
goC .
f r  ( c i + c 2 + f t 5 + H  -  ~ '2 -t~ 2 , 2  -  p -  ] = f t c x“
L e  r  + w L e
E q u a t i n g  t h e  r e a l  p a r t  o f  e q u a t i o n  ( 2 . 7 )  z e r o ,  we o b t a i n
2
-<u C , ( C ,  + C ) -u2c (C , + C -  + C ) + 10 L ( C 1  + C 2  + V  +
* U 1 2 * -----f t  “ 2,2--------r  + co L
b y  Kv
(2 .6 )
(2.7)
(26)
A s s u m in g  r  -*■ o ,  ( 2 . 8 )  s i m p l i f i e s  t o
m2 C i ( C 2  ♦ C „ )  ♦ « ZC {C^ ♦ C 2  ♦  c p
c. + c„ + c1 2 IT
r  Rt e L
t h e n ,
w =
r  R. ( C 1 + C 0  + C ) + L o L 1 2 tt
5 rl[c1(c2 + cy.* Cv(Cl + C2 + CJl
L
1
V L2
1 +
r; w w
1
/TS
(i  +
Ci + C2
c
n  + — 1—j ( i  +  t ________
U  C , + c J  u  r  R. (C.+CK+C )e L 1 2 7r1 2
C C C C
.1 + —  ( l +5 l i )  + (C ( /  2 ) 
l C 1 +C2J 2 L 1 y 1 2
P r o v i d e d  t h a t
c
IT. <<
4
C <<
M
L
Ci C2
Cl +C2
1
, and
C .+ C -+ C  * r ' R .1 2 it e L
«  1
E q u a t i o n  ( 2 . 9 )  becom es
a) - 1
/ lcTT
w he re
-  C1C2 
T -  C1+C2
T h i s  i s  d e s i r a b l e  a s  i t  makes t h e  o s c i l l a t o r  f r e q u e n c y -  
p a r t i c u l a r  t r a n s i s t o r  p a r a m e t e r s .  A t  h i g h  f r e q u e n c i e s ,  
considered(Chapter 4).
( 2 . 9 )
( 2 . 10)
(2.11)
i n d e p e n d e n t  o f  t h e  
C ti a n d  C y m U S t  b e
(27)
E q u a t i n g  t h e  i m a g i n a r y  p a r t  o f  ( 2 . 7 )  z e r o ,  g i v e s  t h e  c o n d i t i o n s  f o r  
t h e  c i r c u i t  t o  o s c i l l a t e :
wC, T , rw (C -.+ C0+C ) wC
K r _ i  - _ “t   l + 1 2 11 + ___ h. +K 2 2.2 F  2 2t 2 r"e r + w L  e r + t o L  e
R T  Y W  1 = “ c l  T -L e
and  a s s u m in g  t h e  c o n d i t i o n s  o f  ( 2 . 1 0 ) a r e  m e t ,  we o b t a i n  
r  C .  r  Rn C .+ C 0  2
n +  ~ )  r— -— o n  + —-6' -   (— 1 = 5 .  (2.12)
C  R E  1 + C 2  W V  (  C 1  3  3  K
s i n c e  JC > 1 ,  t h e nj '
r  C r  R C 1 +C 0  2
( 1  + RjT  ^ C Ci +C2^ ^  + V V ^ )  ( Cl  ^ ] < “  ( 2 . 1 3 )
L e t  u s  now a ssum e  t h a t  r  << Rp ( u s u a l l y  t r u e  and  c a n  b e  made c l o s e r  t o0 C
t h e  t r u t h  b y  a d d in g  an  RFC c h o k e  i n  t h e  e m i t t e r )  and  a  * 1 .  C o n s e q u e n t l y ,
we o b t a i n
C r  C +C 2
c p c ;  p  + 3 < 1 (2- 14)
w h i c h  m us t  b e  s a t i s f i e d  f o r  t h e  o s c i l l a t i o n s  t o  s t a r t  and  g ro w .  F u r t h e r m o r e ,
i f  Rg -»• oo  ( o p e n - c i r c u i t e d  o s c i l l a t o r )  and  i f  
i c i
n = c1+c2 < a
w h e re
« -  Y  1+8
we h a v e
N > 1 + i  =>N > 1 (2.15)
w h ic h  i s  a c o n d i t i o n  f o r  t h e  f e e d b a c k  r a t i o  f o r  s u s t a i n e d  o s c i l l a t i o n s .  
F rom ( 2 . 1 4 ) ,  we a l s o  h a v e
r e f Cl +C2 2 _ C l + C 2  , _ C 2
RL '  C1 C1 5
and  u s i n g  ( 2 . 1 5 ) ,  we o b t a i n
(28)
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( 2 . 1 6 )
w h i c h  s t a t e s  t h a t  when t h e  e x t e r n a l  p o s i t i v e  f e e d b a c k  i s  s u f f i c i e n t  t h e  
g r o w in g  o s c i l l a t i o n s  o c c u r  i n  a  l o a d e d  t r a n s i s t o r  o s c i l l a t o r ,  b u t ,  i t  
d o e s  n o t  d e s c r i b e  how t h e y  w i l l  s t a b i l i z e  f o r  c o n s t a n t - a m p l i t u d e  
o s c i l l a t i o n s .
E s s e n t i a l l y ,  gm h a s  t o  c h a n g e  somehow w i t h  t h e  e x t e r n a l  l o a d  c o n d u c t a n c e  
t o  p r o d u c e  s t e a d y - s t a t e  o s c i l l a t i o n s .  I n  t h e  n e x t  c h a p t e r  we s h a l l  i l l u s t r a t e  
t h a t  g^ o u g h t  t o  h a v e  some f i x e d  v a l u e  d e p e n d in g  on t h e  a m p l i t u d e  o f  i n p u t  
d r i v i n g  s i g n a l  V^, and  d e c r e a s e s  a s  i n c r e a s e s  t i l l  t h e  n o n l i n e a r  g a i n  
o f f e r e d  b y  t h e  t r a n s i s t o r  a d j u s t s  i t s e l f  f o r  s t a b l e  o s c i l l a t i o n s .
I n  t h e  m e a n w h i l e ,  f o r  s t a b l e  o s c i l l a t i o n s ,  f r o m  F i g ,  2 . 3 ( a )  we c a n  
s i m p l y  w r i t e
h e n c e
o r
(2.17)
w h i c h  s a t i s f i e s  t h e  a b o v e  s t a t e m e n t s
(29)
The  t a n k  c i r c u i t  o f  C o l p i t t s  o s c i l l a t o r  p e r f o r m s  t h e  f o l l o w i n g  
f u n c t i o n s :
a) i t  d e t e r m in e s  t h e  f r e q u e n c y  o f  o s c i l l a t i o n ,
b) i t  i s  t h e  f e e d b a c k  n e t w o r k ,
c )  i t  d e t e r m in e s  t h e  s t a b i l i t y  c r i t e r i o n  f o r  t h e  o s c i l l a t o r ,
d) i t  i s  a p a r t  o f  t h e  c o u p l i n g  n e t w o r k  t o  t h e  l o a d ,  and
e) i t  i s  a p r i n c i p a l  f a c t o r  d e t e r m i n i n g  t h e  c i r c u i t  e f f i c i e n c y .
The  t a n k  i s  s i m p l y  a t a p p e d  c a p a c i t i v e  t r a n s f o r m e r ,  a nd  p o s s e s s e s
I
t h e  p r o p e r t y  o f  an i d e a l  t r a n s f o r m e r .  The  t r a n s i s t o r  l o a d i n g  a p p e a r s  
o n l y  a c r o s s  a  p o r t i o n  o f  t h e  c a p a c i t o r s ,  C2> In  t h e  f o l l o w i n g ,  we s h a l l  
show t h a t  when o f  t h e  c i r c u i t  i s  s u f f i c i e n t l y  h i g h ,  t h e  t a n k  c a n  be  
m o d e l l e d  b y  an e q u i v a l e n t  p a r a l l e l  RLC c i r c u i t .
F rom  t h e  c i r c u i t  o f  F i g .  2 . 4 ( a ) ,  on  a l i n e a r  b a s i s ,  we c a n  w r i t e
,  r c  1Z = --- :-- - ------  +
2.4. A Transformer!ike Tank Circuit
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(30)
F i g . 2 . 4  .The - t r a n s f o r m e r l i k e  t a n k  c i r c u i t  
o f  t h e  C o l p i t t s  o s c i l l t o r -  a n d  i t s  
e q u i v a l e n t  c i r c u i t s .
(31)
F o r  t h e  Rl IS c i r c u i t ,  s i m i l a r l y  we c a n  w r i t e
1 G1C2
Y = _ + jo ) (G^ - )  ( 2 . 2 0 )
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“ C2r e
[o j(C 1 +C2 ) r e ] 2 » l  ( 2 . 2 2 )
C2 2 
r 'e = r e ' 1+C^
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= r e  ^ ( 2 . 2 3 )
T h i s  t r a n s f o r m a t i o n  i s  a l s o  t r u e  f o r  e v e r y  e l e m e n t  a c r o s s  C 2>
E q u a t i n g  t h e  im a g i n a r y  p a r t s  o f  E q u a t i o n s  ( 2 . 1 9 ) - ( 2 . 2 0 ) ,  y i e l d s
f C l C 2  ,  .  [ C 1 +u 2 C l C 2 (C 1 +C 2 ) r 2 ]
p r o v i d e d  t h a t
C l +C2 l + [o.(C 1 +C 2 ) r e ] 2
C [ 1 +W2C (C + C , ) r 2
= —---------- — -— V s- t2- 24)
l + K C 1+C2) r e r
ai2 C 2 ( C 1 +C2 ) r 2 » l  ( 2 . 2 5 )
w h i c h  t o g e t h e r  w i t h  E q u a t i o n  ( 2 . 2 2 ) g i v e s
c c c c
= ( 2 . 2 6 )
w h ic h  i m p l i e s  t h a t  i f  t h e  c o n d i t i o n s  o f  ( 2 . 2 2 ) and  ( 2 . 2 5 ) ‘ a r c  m e t ,  t h i s
t r a n s f o r m a t i o n  t h e n  w i l l  n o t  c h a n g e  t h e  o s c i l l a t o r  f r e q u e n c y .  F u r t h e r m o r e ,  
t h e  c o i l  w in d i n g  r e s i s t a n c e  r  c a n  b e  s i m p l y  r e p l a c e d  b y ,
A 2
rsh “ ~r (2*22)
(32)
a s  shown i n  F i g .  2 . 4 ( b ) ,  p r o v i d e d  t h a t
2 . 2  2 to L » r
2 . 5 .  C o n c l u s i o n s
U s i n g  t h e  h y b r i d - n  m o d e l  f o r  t h e  t r a n s i s t o r ,  one  c a n  d e t e r m in e  t h e  
c o n d i t i o n s  f o r  t h e  c i r c u i t  t o  o s c i l l a t e  and  i t s  o s c i l l a t o r  f r e q u e n c y .
T h i s  s m a l l - s i g n a l  a n a l y s i s  f a i l s  t o  p r e d i c t  s t e a d y - s t a t e  o s c i l l a t i o n s  i n  a 
l o a d e d  o s c i l l a t o r .  I n  an  o s c i l l a t o r ,  t h e  t r a n s i s t o r  t r a n s c o n d u c t a n c e  h a s  
t o  c h a n g e  somehow w i t h  t h e  e x t e r n a l  l o a d  c o n d u c t a n c e  t o  p r o d u c e  s t a b l e  
o s c i l l a t i o n s .  I t  o u g h t  t o  h a v e  some f i x e d  v a l u e  d e p e n d in g  o n  t h e  a m p l i t u d e  
o f  i n p u t  d r i v i n g  s i g n a l  w h i c h  v a r i e s  w i t h  t h e  l o a d .  C o n s e q u e n t l y ,  a  l a r g e -  
s i g n a l  m ode l  f o r  t h e  o s c i l l a t o r  i s  e s s e n t i a l .
The  t r a n s f o r m e r l i k e  t a n k  c i r c u i t  o f  t h e  C o l p i t t s  o s c i l l a t o r  f a c i l i t a t e s  
t h e  c i r c u i t  a n a l y s i s  b e c a u s e  a l l  t h e  i n p u t  l o a d i n g  c a n  b e  e a s i l y  t r a n s f o r m e d  
a c r o s s  t h e  t a n k ,  a n d  m o d e l l e d  b y  an  e q u i v a l e n t  s h u n t  c o n d u c t a n c e .
I n  t h e  f o l l o w i n g  c h a p t e r s ,  we s h a l l  q u a l i t a t i v e l y  i l l u s t r a t e  how one  
c a n  d e s i g n  a  t r a n s i s t o r  o s c i l l a t o r  c i r c u i t  f o r  a  s p e c i f i c  o u t p u t  v o l t a g e  b y  
k n o w in g  o n l y  t h e  l o a d  c o n d u c t a n c e .
L a r g e - S i g n a l  C h a r a c t e r i s t i c s  o f  a  S i n g l e - T r a n s i s t o r  
O s c i l l a t o r ;  t h e  S e l f - L i m i t i n g  and  t h e  C o l l e c t o r  
S a t u r a t i o n  L i m i t i n g  F e a t u r e s .
Chapter Three:
(34)
3 . 1 .  I n t r o d u c t i o n
T h i s  c h a p t e r  u s e s  t h e  v a l i d i t y  o f  t h e  E b e r s - M o l l  e q u a t i o n s  a t  t h e  
l a r g e - s i g n a l  l e v e l  t o  t i e  t o g e t h e r  a l l  o f  t h e  p r e v i o u s  m a t e r i a l .  The  
t e c h n i q u e s  p r e s e n t e d  a l l o w  one  t o  d e t e r m in e  t h e  a m p l i t u d e  o f  o s c i l l a t i o n  
o n l y  b y  k n o w in g  t h e  l o a d  c o n d u c t a n c e .  I n  a d d i t i o n ,  t h e  c h a r a c t e r i s t i c s  
c a n  a c c u r a t e l y  p r o v i d e  t h e  p o s s i b l e  v a l u e s  o f  t h e  f e e d b a c k  r a t i o ,  t h e  
t o t a l  s h u n t  c o n d u c t a n c e  a c r o s s  t h e  t a n k ,  and  t h e  maximum l o a d  c o n d u c t a n c e  
f o r  w h i c h  t h e  c i r c u i t  w i l l  o s c i l l a t e .  F i n a l l y ,  t h e  c o l l e c t o r  s a t u r a t i o n  
l i m i t i n g  and  t h e  c h a r a c t e r i s t i c s  o f  t h e  o s c i l l a t o r  a r e  d i s c u s s e d  i n
I
j
c o m p a r i s o n  w i t h  t h e  e x p e r im e n t a l  c i r c u i t  p e r f o r m a n c e .
P a r t i c u l a r  a t t e n t i o n  h a s  b e e n  g i v e n  t o  t h e  m e th o d s  w h i c h  w e re  f i r s t  
d e s c r i b e d  i n  two p a p e r s  b y  K. K. C l a r k e  i n  1966 [5 ] - [ 6 ] ,  The  p r i n c i p l e  
o f  t h e s e  m e th od s  i s  s i m p l e ; -
The t r a n s f e r  f u n c t i o n  i s  w r i t t e n  f o r  t h e  p a s s i v e  p o r t i o n  o f  t h e  o s c i l l a t o r  
c i r c u i t ,  i n c l u d i n g  t h e  t r a n s i s t o r  l o a d i n g  on  t h e  t a n k  c i r c u i t .  The 
t r a n s i s t o r  t h e n  h a s  i t s  t r a n s f e r  c h a r a c t e r i s t i c  p r e s e n t e d  i n  a f o rm  so  
t h a t  e a s y  m a t c h in g  o f  t h e  a c t i v e  and  p a s s i v e  r e q u i r e m e n t s  i s  p o s s i b l e .
3 . 2 .  E b e r s - M o l l  E q u a t i o n s
A  s i m p l e  and  v e r y  u s e f u l  m o d e l  o f  t h e  c a r r i e r  i n j e c t i o n  and  e x t r a c t i o n s  
phenom ena  o c c u r r i n g  i n  b i p o l a r  t r a n s i s t o r s  was d e v e lo p e d  i n  1954 b y  E b e r s  
and  M o l l  [ 7 ] .  The c o r r e s p o n d i n g  m ode l  a n d  i t s  com m on -base  o u t p u t  s t a t i c  
c h a r a c t e r i s t i c s  f o r  an  n  p n t r a n s i s t o r  a r e  shown i n  F i g .  3 . 1 .  The  
e q u a t i o n s  t h a t  t h i s  m od e l  r e p r e s e n t s  a r e :
I
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F i g . 3 . 1  The  E b e r s - M o l l  m o d e l  and  t h e  o u t p u t  s t a t i c
characteristics for a CB npn bipolar transistor.
(36)
I B = ( l - a F ) I E S ( e q V B E /K T - i )  + ( i . aR ) i c s ( e t' VBC ' ' KT . i )  ( 3 . 1 c )
w h e r e ,
V c s  = a R?CS ( 3 . 2 )
and  i s  c a l l e d  t h e  r e c i p r o c i t y  r e l a t i o n s h i p  [ 7 ] .  The m ode l  f o r  a
p n p t r a n s i s t o r  d i f f e r s  o n l y  i n  t h a t  t h e  e x p e r im e n t a l  d i o d e s  a r e  r e v e r s e d .
The  c o e f f i c i e n t s  a p , a R , I pg ,  and  a r e  d e f i n e d  t o  be  p o s i t i v e  q u a n t i t i e s
The p a r a m e t e r s  a p and  a R a r e  t h e  s t a t i c  s h o r t - c i r c u i t  f o r w a r d  and  r e v e r s e
com m on -base  c u r r e n t  g a i n s .  The  c o e f f i c i e n t s  I c c  and  I „ c a r e  c a l l e d  t h e
t o  C.o
e m i t t e r  and  c o l l e c t o r  s h o r t - c i r c u i t  s a t u r a t i o n  c u r r e n t s .  T h e s e  a r e  t h e  
s a t u r a t i o n  c u r r e n t s  o f  t h e  e m i t t e r  and  c o l l e c t o r  j u n c t i o n s ,  r e s p e c t i v e l y ,  
when t h e  o t h e r  j u n c t i o n  i s  s h o r t e d .
From  t h e  E b e r s - M o l l  e q u a t i o n s  l i s t e d  a b o v e  f o r  an  n p  n  t r a n s i s t o r ,  
t h e  e x p r e s s i o n  f o r  t h e  c o l l e c t o r  c u r r e n t ,  w i t h  t h e  e m i t t e r - b a s e  j u n c t i o n  
f o r w a r d - b i a s e d  and  t h e  c o l l e c t o r - b a s e  j u n c t i o n  r e v e r s e  b i a s e d ,  i s  w r i t t e n
as
b u t ,
eq V B C / K T « l
and  can  be  n e g l e c t e d .  T h e r e f o r e ,  E q u a t i o n  ( 3 . 3 )  r e d u c e s  t o
T _ T qV B E /K T  T r i  x ^
C “  a R C S 6  + CS R  ^ ^
The  s e c o n d  t e rm  o f  ( 3 . 4 )  i s  w i t h i n  s e v e r a l  p e r c e n t  o f  [ I p o =I^s ( l - a pa R] ; 
h c n c c ,  i t  s h o u ld  be v e r y  s m a l l .  I t  w i l l  b e  n e g l e c t e d  i n  t h e  s u b s e q u e n t  
a n a l y s i s .  The  t e rm  c o u l d  a l s o  be  e x p r e s s e d  i n  t e rm s  o f  I^q and  t h e
f o r w a r d  a l p h a  a p ; h o w e v e r ,  a s  we s h a l l  s o o n  s e e ,  t h i s  t e rm  w i l l  n e v e r  
n e e d  t o  be  e v a l u a t e d ;  h e n c e ,  i t  w i l l  b e  r e t a i n e d  i n  i t s  p r e s e n t  f o rm .  The  
e f f e c t  o f  d r o p p in g  t h e  I C S ( 1 - « R ) t e rm  i s  t o  s h i f t  t h e  w h o le  o u t p u t  
t r a n s i s t o r  c h a r a c t e r i s t i c s  o f  F i g ,  3 . 1 ( b )  s l i g h t l y  up a l o n g  t h e  c u r r e n t  
a x i s .  The  e r r o r s  i n t r o d u c e d  b y  s u c h  a s h i f t  w i l l  b e  t h i r d  o r d e r  o r  s m a l l e r
(37)
C o n s e q u e n t l y ,  t h e  c o l l e c t o r  c u r r e n t  may b e  a p p r o x im a t e d  b y
(3.5)
I n  E q u a t i o n  ( 3 . 5 ) ,  t h e  t r a n s i s t o r  i s  i n  f a c t  m o d e l l e d  b y  a c u r r e n t  
s o u r c e  i n  p a r a l l e l  w i t h  t h e  e m i t t e r - b a s e  j u n c t i o n  d i o d e  ( i d e n t i c a l  t o  a 
two t e r m i n a l  d e v i c e ) .  T h i s  c a n  b e  p h y s i c a l l y  p o s s i b l e  f o r  t h e  t r a n s i s t o r  
i s  a c t u a l l y  i n  a g r o u n d e d - b a s e  c o n n e c t i o n .  T h i s  i s  a  v e r y  good  
a p p r o x im a t i o n  f o r  o s c i l l a t o r  a n a l y s i s  a s  l o n g  a s  t h e  t r a n s i s t o r  i s  n o t  
s a t u r a t e d  b y  t h e  n e g a t i v e  s w in g  o f  o u t p u t  s i g n a l .  I n  t h e  c a s e  o f  s a t u r a t i o n  
t h e  c o l l e c t o r - b a s e  d i o d e  c o n d u c t i o n  l i m i t s  t h e  a m p l i t u d e  o f  o s c i l l a t i o n ,  and  
E q u a t i o n  ( 3 . 3 )  o u g h t  t o  b e  u s e d .
3 . 3 .  S t a b i l i t y  C r i t e r i o n  f o r  t h e  O s c i l l a t o r
The  f o l l o w i n g  a p p r o x im a t i o n s  and  r e s t r i c t i o n s  may b e  made on  t h e  
o v e r a l l  o s c i l l a t o r  c i r c u i t  [ 5 ] : -
a )  t h e  o s c i l l a t o r  i s  p r e s u m e d  t o  o p e r a t e  so  t h a t  t h e  n e t  t a n k  im p e d a n c e  
i s  r e a l .  The  p h a s o r  d i a g r a m  o f  t h e  o s c i l l a t o r  o f  F i g .  3 . 2  shows t h a t  
t h i s  im p e d a n c e  may b e  c o m p le x .
b ) t h e  f e e d b a c k  r a t i o  f r o m  t h e  p e a k  t a n k  v o l t a g e  V 2  t o  t h e  p e a k  e m i t t e r -  
b a s e  v o l t a g e  i s  g i v e n  b y  t h e  a p p r o p r i a t e  r e a c t a n c e  r a t i o ,
( 3 . 6 )
w h e re
No ( 3 . 7 )
F rom  F i g .  3 . 2 ,  t h e  f e e d b a c k  r a t i o  may b e  c o m p le x .  I f  t h i s  i s  t h e  
c a s e ,  t h e  a c t u a l  f e e d b a c k  r a t i o  w i l l  b e  g r e a t e r  t h a n  Nq f o r ,
1
j o i .C  +G/ ( f  )1 2  m ^ l
1
jmiC9+G'(f,)1 2  m l
(38)
rCb
F i g . 3 . 2  The  p h a s o r  d i a g r a m  o f  a CB C o l p i t t s  o s c i l l a t o r  
c i r c u i t .  The  d i a g r a m  i s  e x a g e r a t e d  t o  show 
t h a t  t h e  t a n k  im p e d a n c e  i s  c o m p le x .  As  i s  s e e n ,  
i n  a p r a c t i c a l  o s c i l l a t o r  t h e  i n p u t  s i g n a l  s l i g h t l y  
l e a d s  t h e  o u t p u t  s i g n a l .  T h i s  s m a l l  l e a d i n g  p h a s e  
r e l a t i o n  makes t h e  f e e d b a c k  r a t i o  N ^ r a t h e r  c o m p le x .
h e n c e ,
w he re
iny i  - A + ^
W
V h ^ v T i  ■ <3-10)
I
F i 'g .  3 . 2 .  i m p l i e s  t h a t  t h e  i n p u t  s i g n a l  s l i g h t l y  l e a d s  t h e  o u t p u t  s i g n a l .
c )  t h e  p e a k  o p e r a t i n g  t a n k  v o l t a g e  V 2  i s  g i v e n  b y ,
V 2 ( f j )  -  ( 3 . 1 1 )
w h e re  i s  an e q u i v a l e n t  p a r a l l e l  l o s s  r e s i s t o r  w h i c h  c a n  b c
c a l c u l a t e d  b y ,
Ru  = (C+G ' ) ' 1
. Gy( f J  + 4 - 1
-  [ i  - - m— V - -R* 3
RN 
2 °
RN_______o________
No +C/ f l ) R t R T  
RR N 2
=   (3-12)
N R +G ( f .  ) RR +R o E mv V  E
w h e re
R ■ Rs l J l r o H RL (3-!3)
and  r Q i s  t h e  t r a n s i s t o r  o u t p u t  r e s i s t a n c e  a t  t h e  o p e r a t i n g  Q - p o i n t ,  and 
i s  a f u n c t i o n  o f  V R E , and  R  ^ i s  t h e  t a n k  e q u i v a l e n t  s h u n t  l o s s  r e s i s t a n c e .
S u b s t i t u t i n g  f o r  V 2  and  R ^  i n t o  ( 3 . 1 1 )  and  t h e n  s o l v i n g  f o r  ^ ( f ^ ) ,  
we o b t a i n
W f l> -  W O V Rl l
h e n c e ,
hence
R+N Rc o E (3.14)
N o r m a l i z i n g  t o  g^Q and  t h e n ,  s e p a r a t i n g  t h e  t e r m s ,  we o b t a i n
( 3 . 1 5 )
w he re
and  gmQ c a n  b e  s i m p l y  m e a su re d  a t  t h e  o s c i l l a t o r  f r e q u e n c y  b y  u s i n g  t h e
a m p l i f i e r  c i r c u i t  o f  F i g .  2 . 2 .  N o t e  t h a t  t h i s  a m p l i f i e r  m u s t  b e  o p e r a t e d  i n
t h e  l i n e a r  g a i n  r e g i o n  when a n  e x t e r n a l  s i g n a l  i s  a p p l i e d  a t  t h e  i n p u t .
T h i s  s e t u p  a l l o w s  t h e  e f f e c t  o f  v a r i a t i o n s  o f  c a u s e d  b y  t h e  o u t p u t
s i g n a l  o n  g^mo
E q u a t i o n  ( 3 . 1 5 )  d e s c r i b e s  t h e  s t a b i l i t y  c r i t e r i o n  f o r  t h e  C o l p i t t s  
c i r c u i t ,  and  r e p r e s e n t s  a  s t r a i g h t  l i n e ,  a s  i s  shown i n  F i g .  3 . 3 .  T h i s  
l o a d  c h a r a c t e r i s t i c  p r o v i d e s  t h e  f o l l o w i n g  i n f o r m a t i o n
1 ) t h e  i n t e r c e p t  o f  t h e  l i n e  w i t h  t h e  v e r t i c a l  a x i s  g i v e s  t h e  t o t a l  
t a n k  s h u n t  c o n d u c t a n c e  G^,
2) t h e  s l o p e  o f  t h e  l i n e  g i v e s  tw o  p o s i t i v e  v a l u e s  f o r  Nq . One o f  t h e s e  
v a l u e s  w i l l  b e  s l i g h t l y  l a r g e r  t h a n  u n i t y  w h i l e  t h e  o t h e r  w i l l  b e  much 
l a r g e r  t h a n  u n i t y .  The  f o r m e r  i n d i c a t e s  m a s s i v e  l o a d i n g  o f  t h e  t a n k  
w h i c h  e f f e c t i v e l y  s p o i l s  o f f  t h e  l o a d e d  Q and  t h e n ,  t h e  e f f i c i e n c y  
w h i l e  t h e  l a t t e r  c o r r e s p o n d s  t o  t h e  d e s i r a b l e  c a s e  f o r  s i n u s o i d a l  
o p e r a t i o n ,  and
(41)
«3wo
F i g , 3 . 3  The  s t a b i l i t y  c r i t e r i o n  f o r  a CB l o a d e d  
t r a n s i s t o r  C o l p i t t s  o s c i l l a t o r  c i r c u i t .
(42)
3) f i n a l l y ,  t h e  l i n e  g i v e s  t h e  maximum p o s s i b l e  e x t e r n a l  l o a d
c o n d u c t a n c e  f o r  w h i c h  t h e  c i r c u i t  w i l l  o s c i l l a t e .
In  a d e s i r a b l e  o s c i l l a t o r  c i r c u i t ,  Nq i s  u s u a l l y  l a r g e  and t h e  l o s s e s
i n  RE c a n  b e  p r e s e n t e d  b y  u s i n g  a s e r i e s  RFC . C o n s e q u e n t l y ,
N 2 Rc » R  o E
and  E q u a t i o n  ( 3 . 1 5 )  r e d u c e s  t o
N 2
5 ; ( f , )  = 0mv V  R (N q - 1 )
“  N0 G ( 3 . 1 6 )
w h e re  G i s  g i v e n  b y  E q u a t i o n  ( 3 . 1 3 ) .  E q u a t i o n  ( 3 . 1 6 )  s a t i s f i e s  a l l  we
1
s a i d  b e f o r e  b y  ( 2 . 1 6 )  f o r  s t a b l e  o s c i l l a t i o n s ,  and  t h e  s m a l l - s i g n a l  
a n a l y s i s  f a i l e d  t o  p r e d i c t .  E q u a t i o n s  ( 2 . 1 7 )  and  ( 3 , 1 6 )  a r e  a l s o  i d e n t i c a l
3 . 4 .  O s c i l l a t o r  A n a l y s i s  w i t h  H a r m o n ic s
I n  t h i s  s e c t i o n ,  we s h a l l  p e r f o r m  t h e  F o u r i e r  a n a l y s i s  o f  t h e  
c o l l e c t o r  c u r r e n t  w a v e fo rm .  The  t o t a l  i n s t a n t a n e o u s  v o l t a g e  a c r o s s  t h e  
e m i t t e r - b a s e  j u n c t i o n  a t  w h i c h  t h e  o s c i l l a t o r  s t a b i l i z e s  i s
V B E ^  = V DC +n= l (A n c o s  nw1 t+ B n s i n  nu^ t)  ( 3 . 1 7 )
T
^DC ~ ~ T f  V B E ^ ^ ^ *  ( 3 . 1 8 a )
w h e re
A 2
n “  T ^  V BE^t ^C0S and  ( 3 . 1 8 b )
o
T
Bn = T /  nw1t  ( 3 . 1 8 c )
o
S u b s t i t u t i n g  ( 3 . 1 7 )  i n t o  E q u a t i o n  ( 3 . 5 ) ,  we o b t a i n  an  e x p r e s s i o n  f o r  t h e  
i n s t a n t a n e o u s  c o l l e c t o r  c u r r e n t  a s  --•—
i c C t )  = ctR 1'C S eXp V^ B E^ ^  ( 3 .1 9 )
w h e re  VT = *1 / K T  i s  t h e  t h e r m a l  v o l t a g e .  The  a v e r a g e  v a l u e  and  t h e  r e l a t i v e  
a m p l i t u d e s  o f  t h e  o u t p u t  c u r r e n t s  a t  f r e q u e n c i e s  and  2 ^  a r e  o b t a i n e d  b y
(43)
t h e  c o m p le t e  F o u r i e r  a n a l y s i s  o f  i ^ ( t )  g i v e n  i n  A p p e n d i x  A .  The
a p p r o p r i a t e  e x p r e s s i o n s  a r e ,  r e s p e c t i v e l y ,
V
I DC =aRI csexP ( v r i [ y vP +vg i ( vp ] c o s e ,  (3.20)
v d c  r
i y f p  =  V c s e x p  ( - 0  j 2 i 1 ( v p + v ' [ i 1 ( v p + i 3 ( v p ] c o s e +
v j [ l 3 ( v p - l 1 ( v p ] s i n  e )  , a nd  ( 3 . 2 1 )
I 2 (2f j)  «RI CSexP(vT -1 ' 2 I 2 ( V ' ) + V ' [ I o ( v p  + I 4 C V p ] c o s 0  +
V ' [ I 4 ( V p - I o ( V p ] s i n e l  . ( 3 . 2 2 )
w h e re
W f P /VT
V '  = V 2 ( 2 f p / V T
w h e re  and  V 2  a r e  t h e  a m p l i t u d e s  o f  t h e  f u n d a m e n t a l  and  s e c o n d  h a r m o n i c  
o f  v f i E ( t )  a t  t h e  i n p u t  o f  t h e  o s c i l l a t o r ,  and  I n ( V ' ) ( n = o , l , 2 , 3 , 4 )  a r e  t h e  
m o d i f i e d  B e s s e l  f u n c t i o n s  [ 8 ] ,
I n  t h e  f o l l o w i n g  s e c t i o n s ,  we s h a l l  u s e  E q u a t i o n s  ( 3 . 2 0 ) - ( 3 . 2 2 )  t o  
d e r i v e  an e x p r e s s i o n  f o r  t h e  a v e r a g e  l a r g e - s i g n a l  t r a n s c o n d u c t a n c e  G ^ (f^ ) 
a t  t h e  f u n d a m e n ta l  f r e q u e n c y  f o r  d i f f e r e n t  b i a s  c o n d i t i o n s .  We s h a l l  f i r s t  
a ssum e  t h a t  t h e  b i a s  v o l t a g e  V CB i s  s u f f i c i e n t  so  t h a t  t h e  c o l l e c t o r - b a s e  
j u n c t i o n  n e v e r  be com es f o r w a r d  b i a s e d  b y  t h e  n e g a t i v e  s w in g  o f  t h e  o u t p u t  
s i g n a l  i - e . ,  t h e  t r a n s i s t o r  n e v e r  r u n s  i n t o  s a t u r a t i o n  d u r i n g  t h e
o s c i l l a t i o n s .
3 . 5 .  P e r f o r m a n c e  o f  t h e  O s c i l l a t o r  B i a s e d  f r o m  a F i x e d  R e s i s t o r
U s i n g  t h e  r e s u l t s  g i v e n  i n  t h e  p r e v i o u s  s e c t i o n ,  we b e g i n  b y  a n a l y z i n g
w h i c h  i s  b i a s e d  f r o m  a f i x e d  r e s i s t o r  Rn and  d r i v e n  a t  i t s  e m i t t e r  t e r m i n a lb
the BJT transistor conversion of the oscillator shown in Fig.1.8(a),
(44)
b y  t h e  i n p u t  v o l t a g e  V gE ( t ) .
B e f o r e  we p r o c e e d  t o  f u r t h e r  c o n s i d e r a t i o n s ,  l e t  u s  p o i n t  o u t  t h a t  i n
a d e s i r a b l e  o s c i l l a t o r  c i r c u i t  X^ 2  i s  u s u a l l y  much l e s s  t h a n  r e ( F i g . 2 . 3 ) ,
and  c o n s e q u e n t l y ,  m os t  o f  t h e  c u r r e n t  f l o w s  t h r o u g h  C 2 . T h e r e f o r e ,  i n  t h e
p h a s o r  d i a g r a m  o f  F i g .  3 . 2 ,  0 may b e  a s sum ed  t o  b e  a lm o s t  z e r o .
S u b s t i t u t i n g  0=0 i n t o  E q u a t i o n s  ( 3 . 2 0 ) - ( 3 . 2 2 ) ,  g i v e s  
V DC
i DC = V c Sexp(/ r ) [ Io(vP+v2 I1(vP ] > (3-23)
I l ( f l )= V c S e x p ( T r } j h p v p  +v 2 [ 1 1 ( v p + 1 3 ( v p ] |  , a nd  ( 3 . 2 4 )
I
\
I2(2fi) - aRIcsexp(“V^) ■^2I2^V1^+V2 I^o V^1'^ + I4^V1^J' * (3.25)
The  g r a p h i c a l  a n a l y s i s  o f  t h i s  o s c i l l a t o r  o p e r a t i n g  i n  c l a s s  C i s
shown i n  F i g .  3 . 4 .  I n  t h i s  c i r c u i t  t h e  d e p r e s s i o n  i n  t h e  d c  v o l t a g e  a c r o s s
t h e  e m i t t e r - b a s e  j u n c t i o n  r e s u l t s  i n  an  i n c r e a s e  i n  t h e  a v e r a g e  c u r r e n t
f r o m  i t s  b i a s  l e v e l  b e c a u s e  t h e  e m i t t e r  p o t e n t i a l  w i t h  r e s p e c t  t o  t h e
b a s e  ( f i x e d )  i n c r e a s e s .  C o n s e q u e n t l y ,  t h e  b i a s  r e s i s t o r  R£ a l l o w s  t h e
c u r r e n t  t o  i n c r e a s e  s l i g h t l y .  I f  Rp i s  n o t  t o o  s m a l l ,  we c a n  w r i t e
I = 1  
DC CQ
h e n c e ,
d c / v t  b e q / v t
V c s e [ y v p + v p p v p ]  = c R I c s e
VDC/V  V BEQ/.;
e [ y v p + v p p v p ]  = e T
P S  + i n  [ I  ( V ' H V ' I  ( V ' ) l  = — -PS. VT ln 1V  V  2 1  1 4 VT
o r ,
VDC "  V BEQ -  V T l n  [ I 0 ( V p + V p i ( V p ]  ( 3 .2 6 )
T h i s  e q u a t i o n  shows t h a t  d e c r e a s e s  i n  m a g n i t u d e  a s  t h e  a m p l i t u d e  o f  
o s c i l l a t i o n s  i n c r e a s e s .  T h i s  i s  w h a t  o n e  w o u ld  e x p e c t  o n  a n  i n t u i t i v e  
b a s i s .  I t  i s  t h i s  c h a n g e  i n  w h i c h  p r o v i d e s  t h e  s e l f - a d j u s t i n g  f e a t u r e
(45)
F i g . 3 . 4  The  g r a p h i c a l  a n a l y s i s  o f  a CB 
t r a n s i s t o r  o s c i l l a t o r  c i r c u i t  
b i a s e d  f r o m  a f i x e d  b i a s  r e s i s t o r .  
The  c i r c u i t  i s  a ssum ed  t o  o p e r a t e  
i n  c l a s s  C .
(47)
LOAD L I N E , I . E .  , A I Dc  =*Vd c / R e
E i g . 3 . 5  S h i f t  o f  o p e r a t i n g  p o i n t  w i t h
o s c i l l a t i o n s  a s s u m in g  i d e a l i z e d  
t r a n s i s t o r  i n p u t  c h a r a c t e r i s t i c s .
(46)
By  a l i n e a r  a p p r o x im a t i o n ,  we may w r i t e
a v d c
AID C = - R f  (3-27)
of the oscillator circuit.
w h e re
A V = V - V
DC BEQ DC
= VT l n [ I o ( V p , V ' I 1 ( V p ]  ( 3 . 2 8 )
h e n c e ,
*DC I CQ+ AIDC
, = +Q H l n [ I ° (Vp+V2I l (Vl')]
■ ’ c q C 1 + 7 ^  l n [ I o ( V p +V ' I 1 ( v p ] }  ( 3 . 2 9 )
S i n c e  f o r  I r n  a b o v e  0 .2m A  t h e  s l o p e  o f  t h e  i n p u t  s t a t i c  c h a r a c t e r i s t i c
o f  b i p o l a r  t r a n s i s t o r  s h a r p l y  r i s e s  and  A I DC i s  a c t u a l l y  v e r y  s m a l l ,
CQ 
E q u a t i o n  ( 3 . 2 8 )  i s  a v e r y  good  a p p r o x im a t i o n  [ 5 ] .  F i g u r e  3 . 5  show s A l
L /V mI
a g a i n s t  AVDC> t o g e t h e r  w i t h  t h e  l o c u s  o f  t h e  Q - p o i n t .
C o m b in in g  E q u a t i o n s  ( 3 . 2 4 )  a n d  ( 3 . 2 9 )  and  t h e n ,  d i v i d i n g  b y  V ^ f ^ ,
g i v e s  an  a p p r o p r i a t e  e x p r e s s i o n  f o r  t h e  a v e r a g e  l a r g e - s i g n a l  t r a n s c o n d u c t a n c e
G ^ (f^ ) a t  t h e  f u n d a m e n t a l  f r e q u e n c y  a s ,
G'(f.) r V m 1'
gmo 1+ V c O  l n [ I o (VP +V2I l (VP ] } XCQ
2 I 1 ( V p + V ' [ I 1( Vp  + I J (Vp  ] j
I0 (V1> V2I1(VP  ' v{
w h ic h  p r o v i d e s  a n o t h e r  l a r g e - s i g n a l  c h a r a c t e r i s t i c  i n  a d d i t i o n  t o  t h a t  o f
F i g .  3 . 3 .  c a n  13c p l o t t e d  a g a i n s t  V j / a l l  o f  t h e s e  c u r v e s  w i l l  merge fo
✓
s m a l l  V | w h i l e  f o r  l a r g e  v a l u e s  o f  t h e y  w i l l  d i v e r g e  [ 5 ] ,  T h e s e  c u r v e s  
p l u s  t h e  r e q u i r e d  v a l u e  o f  G ' J f j )  f o r  a F I N I T E  l o a d  c o n d u c t a n c e  o b t a i n a b l e  
f ro m  F i g .  3 . 3 ,  g i v e  t h e  a m p l i t u d e s  o f  t h e  i n p u t  and  o u t p u t  v o l t a g e s  and  V .
(48)
3.6. Performance of the Oscillator Biased from a Current Sink.
We c o n t i n u e  o u r  l a r g e - s i g n a l  a n a l y s i s  o f  t h e  o s c i l l a t o r  b y  
c o n s i d e r i n g  t h e  a p p r o p r i a t e  c i r c u i t  o f  F i g .  1 . 8 ( b ) ,  w h i c h  i s  b i a s e d  
f r o m  a  c o n s t a n t - c u r r e n t  s o u r c e  ( a  c u r r e n t  s i n k ) .  We a g a i n  d e t e r m in e  t h e  
s t e a d y - s t a t e  b e h a v i o u r  o f  t h e  c i r c u i t .  The a n a l y s i s  i s  som ew hat s i m p l e r  
t h a n  t h a t  o f  t h e  p r e v i o u s  c i r c u i t .
The c u r r e n t  s i n k  (a  g r o u n d e d - b a s e  a m p l i f i e r  c i r c u i t )  p r o v i d e s  a 
f i x e d  b i a s  c u r r e n t  I r n . When t h e  o s c i l l a t o r  i s  w o r k i n g ,  t h e  c u r r e n t  s i n k
'-'x
a c t s  l i k e  a v e r y  l a r g e  r e s i s t o r  R >>X„0 , and  p i c k s  up a lm o s t  no a c
SIC Lr Z?
c u r r e n t .  A l s o  i t s  e m i t t e r  p o t e n t i a l  w i t h  r e s p e c t  t o  t h e  f i x e d  b a s e  
p o t e n t i a l  i n c r e a s e s .  T h i s  r e s u l t s  i n  k e e p i n g  I DC a t  i t s  q u i s c e n t  v a l u e  
I^q . Shown i n  F i g .  3 . 6 ( a )  i s  i t s  a c  e q u i v a l e n t  c i r c u i t .  C o n s e q u e n t l y ,  
t h e  Q - p o i n t  moves a l o n g  a s t r a i g h t  l i n e  p a r a l l e l  w i t h  t h e  V DI, a x i s ,  a s
D C
shown i n  F i g . 3 . 6 ( b ) .  T h i s  l o c u s  o f  t h e  Q - p o i n t  i s  a c t u a l l y  t h e  i n p u t  
d c  l o a d  l i n e  o f  t h e  c i r c u i t .
F o r  t h i s  o s c i l l a t o r ,  E q u a t i o n  ( 3 . 2 6 )  r e p r e s e n t s  t h e  a c t u a l  
v a r i a t i o n s  o f  V DC w i t h  t h e  a m p l i t u d e  o f  o s c i l l a t i o n s ,  and  i s  a l i n e a r  
f u n c t i o n  o f  l n [ t e r m ]  w i t h  t h e  s l o p e  o f  ( - V T ) . C o n s e q u e n t l y ,  p l o t t i n g  ( 3 . 2 6 ) ,  
y i e l d s  a t  t h e  room  t e m p e r a t u r e .  I n  a  s i m i l a r  w a y ,  t h e  e x p r e s s i o n  f o r
w h i c h  t o g e t h e r  w i t h  E q u a t i o n  ( 3 . 1 5 )  c a n  be  u s e d  t o  o b t a i n  t h e  a m p l i t u d e  o f  
o s c i l l a t i o n  c o r r e s p o n d i n g  t o  a d e f i n i t e  l o a d  c o n d u c t a n c e .
3 . 7 .  E f f i c i e n c y
The  e f f i c i e n c y  o f  an o s c i l l a t o r  c i r c u i t  i s  t h e  r a t i o  o f  t h e  a c  p o w e r  
d e l i v e r e d  t o  t h e  l o a d  t o  t h e  i n p u t  d c  p o w e r  d e l i v e r e d  t o  t h e  a c t i v e  
d e v i c e  (some o f  t h e  t o t a l  i n p u t  d c  p o w e r  i s  d i s s i p a t e d  i n  t h e  b i a s  n e t w o r k ) ,
1_
V1
( 3 . 3 1 )
(49)
F i g . 3 . 6  The  g r a p h i c a l  a n a l y s i s  o f  a CB t r a n s i s t o r  
o s c i l l a t o r  b i a s e d  f r o m  a c o n s t a n t - c u r r e n t
s m i r r e .
(50)
and can be calculated by
h e n c e ,
W W
Po u t  ■ 2  ~  ( 3 - 32^
PDC I D C 'V CC ( 3 . 3 3 )
P
o u t
^ c o n v e r s i o n  ” P
DC
2 i d c -V c c
( 3 . 3 4 )
F o r  t h e  c a s e  o f  b i a s  c u r r e n t  s i n k ,  we c a n  w r i t e  f r o m  E q u a t i o n s  ( 3 .23)-(3.24) , 
W  -  2I1 ( V p - V ' [ I 1( V p . I 3 ( V p ]
3idc 2 Li0(vp+v-i1(vp t3-3bJ
The  f u n c t i o n  1^( V p / I  ( v p  s t a r t s  f r o m  z e r o  a t  V p o ,  i . e . ,  no  o s c i l l a t i o n ,  
and  a p p r o a c h e s  u n i t y  a s  be com es  v e r y  l a r g e .  H e n c e ,  t h e  c o n v e r s i o n  
e f f i c i e n c y  w i l l  a lw a y s  l i e  som ew he re  b e lo w  ^ ( f p / V j x , ,  ^u t » a p p r o a c h
t h i s  f u n c t i o n  a s  V J  be com es  l a r g e .  A s  V J  i n c r e a s e s  t h e  c o n d u c t i o n  a n g l e  
d e c r e a s e s ,  w h i c h  o f f e r s  a  p h y s i c a l  e x p l a n a t i o n  f o r  t h e  i n c r e a s e  i n  e f f i c i e n c y .
I n  a  s i m i l a r  w a y ,  c o m b in i n g  E q u a t i o n s  (3.23)-(3.24) and  (3.29), show s 
t h a t  t h e  o s c i l l a t o r  b i a s e d  f r o m  a  f i x e d  b i a s  r e s i s t o r  i s  m o re  e f f i c i e n t .  
P h y s i c a l l y ,  t h i s  i s  t r u e  b e c a u s e  t h e  a v e r a g e  c u r r e n t  i n c r e a s e s  w i t h  t h e  
a m p l i t u d e  o f  o s c i l l a t i o n s .  T h i s  r e s u l t s  i n  a  l a r g e r  o u t p u t  v o l t a g e .  F o r  b o t h  
t h e  c a s e s ,  m u s t  b e  j u s t  s u f f i c i e n t  t o  p r e v e n t  t h e  t r a n s i s t o r  f r o m  
s a t u r a t i o n  b y  t h e  o u t p u t  s i g n a l ,  o t h e r w i s e ,  t h e  c o l l e c t o r  s a t u r a t i o n  
l i m i t i n g  may o c c u r  w h i c h  l o w e r s  t h e  e f f i c i e n c y .
3 . 7 .  E x p e r im e n t a l  R e s u l t s  and  D i s c u s s i o n s .
T h i s  s e c t i o n  p r o v i d e s  a  c h e c k  o n  t h e  r e s u l t s  o b t a i n e d  h i t h e r t o .
P a r t i c u l a r  a t t e n t i o n  h a s  b e e n * g i v e n  t o  t h e  s t u d y  o f  t h e  c h a r a c t e r i s t i c s  
o f  t h e  o s c i l l a t o r  c i r c u i t  b i a s e d  f r o m  a  c u r r e n t  s i n k  f o r  s i m p l i c i t y .
(51)
The  BC109c  NPN s i l i c o n  t r a n s i s t o r  h a s  b e e n  c h o s e n  f o r  o p e r a t i n g  t h e  
C o l p i t t s  c i r c u i t  o f  F i g .  1 . 8 ( b ) .  F rom  E q u a t i o n  ( 3 . 5 ) ,  we c a n  w r i t e
l n I C " ^ V ^ V M !+lnotR I CS ( 3 . 3 6 )
w h i c h  r e p r e s e n t s  a s t r a i g h t  l i n e  w i t h  t h e  s l o p e  o f  ( = - ) .  The  e x p e r im e n t a l
T
s e t  up shown i n  F i g .  3 . 7 ,  h a s  b e e n  u s e d  t o  c h a r a c t e r i z e  t h e  t r a n s i s t o r ,  and  
a l s o  t o  c h e c k  t h e  e x p r e s s i o n  o f  ( 3 . 5 )  f o r  t h e  c o l l e c t o r  c u r r e n t .  The  r e s u l t s  
o b t a i n e d  a r e  p l o t t e d  i n  F i g s .  3 . 8 - 3 . 9 .
F i g u r e  3 . 8  show s  t h a t  t h e  c h o s e n  t r a n s i s t o r  f o l l o w s  E q u a t i o n  ( 3 . 5 )  
v e r y  w b l l ,  and  c a n  b e  u s e d  t o  c a l c u l a t e  V ,^ b y ,
( - ± )  -  - 4 -6
3.8.1. Choice of the Transistor
V '  0 . 1 1 9 V
h e n c e ,
V?  -  2 5 . 9  m V ( 3 . 3 7 )
w h i c h  a t  an- o p e r a t i n g  Q - p o i n t  o f
/
Q - p o i n t  <
vc c  ■ + 10V
V „_  = + 5 9 2 . 2  m V BE
I r n  = 0 . 2 7 4  m A
L
p r o v i d e s  a s m a l l - s i g n a l  t r a n s c o n d u c t a n c e  g ^  o f
T
_ 0 . 2 7 4  m A 
0 . 0 2 5 9  V
-  1 0 . 6  mmhos ( 3 . 3 8 )
3 . 8 . 2 .  D e s ig n  oT  t h e  Tank  C i r c u i t  a t  t h e  O p e r a t i n g  F r e q u e n c y .
F o r  o p e r a t i n g  t h e  C o l p i t t s  c i r c u i t  a t  1 M i l z . , two c e r a m i c  c a p a c i t o r s
o f  4 7 0 0 p F  and 47 ,OOOpF and  a f e r r i t e  p o t  c o r e  [ s i z e :  18mm(D) x  l lm m (H ) ]
2
h a v in g  an i n d u c t a n c e  f a c t o r  o f  A B= 100n l l/N  a r e  c h o s e n .  The  m e a su re d  v a l u e  o f  
f e e d b a c k  r a t i o  Nq i s  10 . The  c a p a c i t o r s  h a v e  v e r y  low  l o s s e s  c o m p a re d  t o  
t h e  l o s s e s  i n  t h e  c o i l .  F o r  t h i s  r e a s o n ,  t h e  u n l o a d e d  Q o f  t h e  t a n k
(52)
F i g . 3 . 7  The  e x p e r im e n t a l  c i r c u i t  s e t u p  f o r
c h a r a c t e r i z i n g  t h e  B C 1 09c  t r a n s i s t o r .
F i g , 3.8.  A check on Eq.(3.5) via  Eq.(3.36).
(54)
F i g . 3 . 9  The  i n p u t  s t a t i c  c h a r a c t e r i s t i c  o f  t h e  
BC109c  N IN  b i p o l a r  t r a n s i s t o r .
(55)
d e p e n d s  a lm o s t  e n t i r e l y  on  t h e  Q o f  t h e  c o i l .  M o d e l i n g  t h e  t a n k  c i r c u i t  
b y  an  e q u i v a l e n t  p a r a l l e l  RLC r e s o n a n t  c i r c u i t ,  a s  shown i n  F i g .  1 . 3 ,  we 
c a n  w r i t e
H jr  = ( % l ) G l + ( ioq L ) G "  ( 3 .3 9 )
L
w h e re  Q^, G^, and  G " a r e ,  r e s p e c t i v e l y ,  t h e  l o a d e d  Q, t h e  e x t e r n a l  l o a d
c o n d u c t a n c e ,  and  t h e  t o t a l  s h u n t  l o s s  c o n d u c t a n c e .  E q u a t i o n  ( 3 . 3 9 )
r e p r e s e n t s  a  s t r a i g h t  l i n e  w i t h  a s l o p e  o f  to L w h i c h  c a n  b e  u s e d  t oo
c a l c u l a t e  L  and  G ' . U s i n g  t h e  a m p l i f i e r  c i r c u i t  o f  F i g .  2 . 2 ,  we c a n
m e a su r e  QL a g a i n s t  Gg a t  t h e  o p e r a t i n g  f r e q u e n c y .  I n  t h i s  e x p e r im e n t a l
!
s e t  u p ,  t h e  e x t e r n a l  s i g n a l  g e n e r a t o r  o u g h t  t o  b e  t r e a t e d  a s  a  c u r r e n t
s o u r c e  i n  o r d e r  t o  a v o i d  a n y  a d d i t i o n a l  l o a d i n g  o n  t h e  t a n k .  The
e x p e r im e n t a l  r e s u l t s  a r e  p l o t t e d  i n  F i g .  3 . 1 0 .
From  F i g .  3 . 1 0 ,  we o b t a i n  t h e  f o l l o w i n g
toQL = t h e  s l o p e
0.01 
"  0 . 3 3 x 1 0 - 3
“  3 0 . 3  n
h e n c e  L  -  4 . 8 2 y H  ( 3 . 4 0 )
and
(d) L ) G '  = t h e  i n t e r c e p t  
« 0 . 0 1 3
h e n c e ,  G^ ~ 0 . 4 2 9  mmhos ( 3 . 4 1 )
w h i c h  show s t h a t  t h e  t a n k  c i r c u i t  i s  a lw a y s  s h u n t e d  b y  2 . 3 3 K Y  The 
e x t e r n a l  l o a d  i s  a c r o s s  t h i s  s h u n t  r e s i s t a n c e .
3 . 8 . 3 .  E x p e r im e n t a l  C i r c u i t  P e r f o r m a n c e
The  a b o v e  s e t  up  was a l s o  u s e d  t o  m e a su r e  g , and  a v a l u e  o f  11 mmhosmo
o b t a i n e d .  The  o s c i l l a t o r  s t a r t e d  o s c i l l a t i n g  w i t h  a l o a d  o f  1.7KJJ a t
fj = 1.04MHz. The theoretical results calculated by Equation (3.31), together
Co*
(56)
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(57)
w i t h  t h e  e x p e r im e n t a l  d a t a  a r e  p l o t t e d  i n  F i g s .  3 . 1 1 - 3 . 1 2 .  
F rom  F i g .  3 . 1 1 ,  we c a n  o b t a i n
N 2o
’m o ' o
0 . 4 5
0 . 4 6  mmhos « 0 . 9 7 8 K 0  ( 3 .4 2 )
h e n c e ,
Nq -  9 . 7  and  1 . 1 2  ( 3 . 4 3 )
w h i c h  a r e  w h a t  we e x p e c t .  A l s o ,  t h e  t o t a l  s h u n t  l o s s  r e s i s t a n c e  c a n  b e
c a l c u l a t e d  b y ,!
o[-------------- ] G " = t h e  i n t e r c e p t
g (N )
m  °  = 0 . 4 1  ( 3 . 4 4 )
s u b s t i t u t i n g  ( 3 . 4 2 )  i n t o  ( 3 . 4 4 )  y i e l d s
R '  * 2 . 3 9  Kfl ( 3 . 4 5 )
w h i c h  i s  i n  good  a g r e e m e n t  w i t h  w h a t  we h a v e  a l r e a d y  m e a s u r e d ,  E q u a t i o n  ( 3 . 4 1 )
F i n a l l y ,  we o b t a i n  a  v a l u e  o f  1 .67K Q  f o r  t h e  m in imum e x t e r n a l  l o a d
r e s i s t a n c e  f o r  w h i c h  t h e  c i r c u i t  w i l l  o s c i l l a t e .  T h i s  i s  c o n s i s t e n t  w i t h  
w h a t  was o b s e r v e d .
3 . 9 .  C o l l e c t o r  S a t u r a t i o n  L i m i t i n g
I f  t h e  i n i t i a l  b i a s  v o l t a g e  a c r o s s  t h e  c o l l e c t o r - b a s e  j u n c t i o n  i s  n o t  
s u f f i c i e n t ,  t h e  t r a n s i s t o r  may r u n  i n t o  s a t u r a t i o n  b y  t h e  n e g a t i v e  s w in g  
o f  t h e  o u t p u t  s i g n a l .  I f  t h i s  o c c u r s ,  t h e  c o l l e c t o r - b a s e  j u n c t i o n  be com es  
f o r w a r d  b i a s e d  p e r i o d i c a l l y  and  t h e n ,  we o u g h t  t o  u s e  a  d i f f e r e n t  e x p r e s s i o n  
f o r  t h e  c o l l e c t o r  c u r r e n t ,  a s  g i v e n  i n  E q u a t i o n  ( 3 . 3 ) .  F i g .  3 . 1 3  shows a 
g r a p h i c a l  a n a l y s i s  o f  t h e  o s c i l l a t o r  a s s u m in g  t h e  c o l l e c t o r ,  s a t u r a t i o n  
l i m i t i n g .  The  a m p l i t u d e  o f  o s c i l l a t i o n s  ( s m a l l e r )  w i l l  b e  l i m i t e d  b y  t h i s  
phenom enon  r a t h e r  t h a n  t h e  s e l f - l i m i t i n g  f e a t u r e  w h i c h  was d i s c u s s e d  
b e f o r e  [ 6 ] ,  The a v e r a g e  c u r r e n t  I ^  d e c r e a s e s  w i t h  t h e  a m p l i t u d e  o f
(58)
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o s c i l l a t i o n s ,  a nd  t h i s  r e s u l t s  i n  a n  i n c r e a s e  i n  V ^ ,  a s  s e e n  i n  
F i g .  3 . 1 3 .  C o n s e q u e n t l y ,  t h e  Q - p o i n t  s t a r t s  m o v in g  b a c k  t o w a r d s  t h e  
b i a s  p o s i t i o n .  The  a v e r a g e  v o l t a g e  a c r o s s  t h e  c o l l e c t o r - b a s e  j u n c t i o n  
i s  a l s o  s m a l l e r  b e c a u s e  t h e  o u t p u t  s i g n a l  i s  s m a l l e r .  The  c o n d u c t i o n  
p u l s e  h a s  t h e  s h a p e  shown i n  F i g .  3 . 1 3 .  I t  o c c u r s  n e a r  t h e  c e n t r e  o f  
t h e  n o r m a l  c o l l e c t o r  c u r r e n t  p u l s e s ,  and  a r e  p r o d u c e d  b y  t h e  c o l l e c t o r - b a s e  
d i o d e  c o n d u c t i o n .  T h i s  c u r r e n t  i s  a c t u a l l y  t h e  r e v e r s e  c u r r e n t  p u l s e  
t h a t  f l o w s  t h r o u g h  t h e  c o l l e c t o r - b a s e  j u n c t i o n  d u r i n g  t h e  t r a n s i s t o r  
s a t u r a t i o n  i n t e r v a l [ 9 ] .
!
3 * 1 0 .  C o n c l u s i o n s
The  s t a b i l i t y  c r i t e r i o n  f o r  a  B J T  t r a n s i s t o r  o s c i l l a t o r ,  and  e x p l i c i t  
e x p r e s s i o n s  f o r  i t s  a m p l i t u d e  o f  o s c i l l a t i o n s  a r e  d e r i v e d  b y  u s i n g  t h e  
v a l i d i t y  o f  t h e  E b e r s - M o l l  e q u a t i o n s  a t  l a r g e - s i g n a l  l e v e l .  The  
c h a r a c t e r i s t i c s  o f  t h i s  m o d e l  a r e  i n  good  a g r e e m e n t  w i t h  t h e  e x p e r im e n t a l  
c i r c u i t  p e r f o r m a n c e .  F o r  h i g h - f r e q u e n c y  o s c i l l a t o r  a n a l y s i s ,  t h e  e f f e c t s  
o f  t h e  n o n l i n e a r  t r a n s i s t o r  c a p a c i t o r s  and  t h e  b a s e  r e s i s t a n c e  m u s t  b e  
c o n s i d e r e d ,  a s  we s h a l l  d i s c u s s  i n  d e t a i l  i n  t h e  n e x t  c h a p t e r .
(61)
C o m p u t e r - A id e d  A n a l y s i s  o f  an  JG FE T  T r a n s i s t o r  
O s c i l l a t o r .
Chapter Four:
(63)
L ike  the b ip o la r  ju n c tio n  t r a n s is to r ,  the ju n c tio n  gate f i e ld - e f f e c t  
t r a n s is to r  (theJGFET) w ith  s u f f ic ie n t  power gain may be used as the  
a c t iv e  element in  any o f  th e  s e l f - l im i t in g  o s c i l la to r s .  S im ply, the  JGFET 
t r a n s is to r  can be made to  o s c i l la t e  in  a grounded-gate connection by 
app ly ing  s u f f ic ie n t  e x te rn a l p o s it iv e  feedback a t the source te rm in a l.
The usual d e s c rip tio n  o f  an JGFET t ra n s is to r  is  based on Shockley's  
gradual-channel approxim ation which d iv id e s  th e  JGFET in to  space-charge  
regionj and n e u tra l conducting channel w ith  abrupt t r a n s it io n  [1 0 ] - [1 1 ] .
The e le c t r ic  f i e ld  in  the channel is  assumed to  be p erp e n d ic u la r to  and 
much sm a lle r than th a t  in  the space-charge reg io n . W ith these assumptions 
i t  is  p o ss ib le  to  make a one-dim ensional an a lys is  fo r  the e le c t r ic  f ie ld s  
in  the  two reg ions s e p a ra te ly .
The s a tu ra tio n  o f  the  d ra in  c u rre n t was f i r s t  a t t r ib u te d  to  the  
complete p in c h -o f f  o f  th e  conducting channel and la t e r  m od ified  by the  
c a r r ie r  v e lo c ity  s a tu ra tio n  w ith  h igh  e le c t r ic  f i e ld  [ 1 2 ] - [ 1 3 ] .  In  the  
case o f  c a r r ie r  v e lo c ity  s a tu ra t io n , a sm all but f i n i t e  channel having  
constant c a r r ie r  d e n s ity  equal to  the therm al e q u ilib r iu m  d e n s ity  has been 
considered as a more r e a l i s t i c  p ic tu re  a f t e r  p in c h o ff [1 4 ] - [ 1 5 ] .
For a device w ith  both la rg e  le n g th -to -w id th  r a t io  L/W, F ig . 4 .1 ,  
and la rg e  p in c h -o f f  v o lta g e , the  gradual approxim ation is  a good one 
b efo re  p in c h o ff. As a r e s u l t ,  Shockley’ s theory  gives good e x te rn a l 
d ra in  c h a ra c te r is t ic s  fo r  th is  device up to  the p in c h -o ff  p o in t .
As the  p in c h -o f f  p o in t is  approached the e le c t r ic  f i e ld  in  the  
conducting channel increases and becomes comparable to  th a t  in  the space- 
charge reg io n . Here th e  one-dim ensional an a lys is  becomes inadequate. 
Moreover, fo r  a device w ith  sm all va lu e  o f  L/W, gradual approxim ation  
does not apply  [1 4 ] - [1 5 ]  and a tw o-dim ensional an a lys is  must be made.
4 .1 .  Introduction
When the p in ch-of f  voltage  i s  small ,  the tra n s i t io n  from the space-charge
te field'effeCt tra"S1. , junction-£at
Fig-
(65)
reg ion  to  the n e u tra l .channel can no ..longer be assumed to  be abrupt and the  
e f fe c t  o f  th is  gradual t r a n s it io n  should be inc luded  in  the a n a ly s is .
However, the main d i f f i c u l t y  w ith  th e  JGFET devices is  th a t  they  are  
complex in te r n a l ly  and sim ple e x te rn a l models cannot a c c u ra te ly  describe  
t h e i r  behaviour under a l l  c o n d itio n s , and th e re  are  d i f f e r e n t  mechanisms 
in  d i f f e r e n t  devices.
One p o s s ib le  approach is  to  develop an e x te rn a l c h a ra c te r iz a t io n  o f  
the  p a r t ic u la r  JGFET used in  the c i r c u i t  under study. In  th is  ch a p te r, 
we s h a ll  f i r s t  use a square-law  t r a n s fe r  c h a ra c te r is t ic  to  o b ta in  some 
in s ig h t  in to  the  behaviour o f  an JGFET t r a n s is to r  o s c i l la t o r  c i r c u i t .  Then, 
we s h a ll  a ttem pt to  develop a la rg e -s ig n a l model fo r  the  t r a n s is to r  so 
th a t  both th e  s e l f - l im i t in g  and th e  d ra in  l im it in g  fe a tu re s  o f  the  
o s c i l la t o r  can be s tu d ied  in  a s in g le  computer program.
4 .2 .  A n a ly t ic a l S o lu tio n  and i t s  L im ita t io n s .
In  o rder to  gain some in s ig h t  in to  th e  behaviour o f  an JGFET 
t r a n s is to r  o s c i l la t o r  c i r c u i t ,  as shown in  F ig . 4 . 2 . ( a ) ,  l e t  us assume 
th a t the  t r a n s is to r  is  approxim ated by a square-law  c h a r a c te r is t ic ,
as shown in  F ig . 4 .2 ( b ) .  As we s h a ll  see l a t e r ,  th is  model fo r  the  
t r a n s is to r  cannot p ro v id e  th e  r e la t iv e  am plitudes o f  the h ig h e r harmonic 
components o f  the  d ra in  c u rre n t ra th e r  than the fundam ental. I f  the  
loaded Q o f  the o s c i l la t o r  is  s u f f ic ie n t ly  h ig h , the  r f  swing v o lta g e  
VG S ^  only  co n ta in  a s in g le  frequency component
I DS = I DSS vp
(4 .1 )
vGS( t )  = VDC + V 05^  
S u b s titu t in g  (4 .2 )  in to  ( 4 . 1 ) ,  g ives
(4 .2)
(66)
3
m Q  ‘iV’o.s
Vcs = t<3Mt. W ' T )l
oca
(b )
F ig .4 .2  The c u rre n t-s in k * re p re s e n ta t io n  of. a CG t r a n s is to r  C o lp it ts  
o s c i l la t o r ;  (a ) the c i r c u i t ,  (b ) the square-law  t r a n s fe r  
c h a r a c te r is t ic  o f an JGFET t r a n s i s t o r .
(67)
V +V cosw .t 2
h ™  -= W 1' - }
V V V
T r /*i DC.2 . . .  DC, / l ,
= -2(1Y )(/  cos“T +
v
( ~ ) 2cos2w11] (4 .3 )
P
which gives o n ly  the  average c u rre n t and the fundamental component o f  
the d ra in  c u rre n t i ^ ( t )  as,
I DC= I DSQ= ID S S ^1"V^"-) + 2 ^   ^ 4^ *4^
and
1 w  = - A s s ^ - v j r ^  <4-5>
These equations apply o n ly  i f  th e  v o lta g e  swing is  less than the p in c h o ff ,
and g ive  an expression fo r  G ^(f^ ) as,
21 VfWf 1 - DSS ri DCi fd MW  ' " v q - cl'v/> (4-6)
From equation  ( 4 . 4 ) , we can o b ta in  another expression which gives V^G
as a fu n c tio n  o f  the  am plitude o f  o s c i l la t io n s
V I  V
f l  _DCh2 _ DC L r_ i^ 2  (4 .7 )
v J  ~  i r v  Jp DSS A p
hence,
V / I  VDC . /  DC 1 / 1 , 2
—  = 1 - /  —  - 2 (4’8)
P DSS P
WhentV |>Vn then the FET is  a c t iv e  o r c u to f f  and fo r \v  |<V, i t  en ters  the  he 1 DC 1
s a tu ra tio n  reg ion  as th e  sou rce -g a te  ju n c tio n  w i l l  be forw ard b iased . 
Equation (4 .8 )  shows th a t  decreases as the am plitude o f  o s c i l la t io n  
in c re a s e s , as p lo tte d  in  F ig . 4 .3 .  S u b s titu t in g  (4 .7 )  in to  (4 .6 )  and 
n o rm a liz in g  to  g , g ive
/ rnSR ,V1,2
JL-ll = A  - 21 fr"5 (4 91
g m Q  /  2 I DC VP
which describes the s e l f - l i m i t i n g  feature  o f  the o s c i l l a t o r .  As s ta r t s
(68)
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to  grow from zero , G ^ ( fp  reduces r e la t iv e  to  g t i l l  s ta b le  o s c i l la t io n s  
are s u s ta in ed , as p lo t te d  in  F ig . 4 .4 .  A g rap h ica l a n a ly s is  o f  the  
o s c i l la t o r  c i r c u i t  is  a lso  shown in  F ig . 4 .5 .
T h ere fo re , we can conclude th a t  the  JGFET t r a n s is to r  o s c i l la t o r  fo llo w s  
th e  same p r in c ip le s  which we a lre a d y  discussed in  Chapter 3. F igures 4 . 3 . -
4 .4 .  show th a t  the  a n a ly t ic a l s o lu t io n  presented  here is  v e ry  l im ite d ,  and 
is  on ly  v a l id  fo r  c lass  A- o p e ra tio n  in  which th e  JGFET is  in  the  normal 
a c t iv e  reg io n  a l l  th e  tim e . Furtherm ore, the  a c tu a l t r a n s fe r  c h a ra c te r is t ic  
o f  an JGFET departs somewhat from the  square law in  i t s  extreme va lu es . 
Consequently, a com puter-aided a n a ly s is  o f  the c i r c u i t  is  re q u ire d .
4 .3 .  Development o f  a L arg e -S ig n a l Model fo r  the T ra n s is to r .
To overcome the  l im ita t io n s  o f  th e  a n a ly t ic a l  s o lu tio n  discussed  
above, th e  n o n lin e a r re la t io n s h ip  between the d ra in  c u rre n t and the te rm in a l 
vo ltag es  may be w r it te n  m ath em atica lly  as th e  l in e a r  com bination o f  two 
n o n lin e a r c u rre n t components.
When th e  t r a n s is to r  is  p e r io d ic a l ly  below the p in c h o ff  by the  
n e g a tiv e  swing o f  ou tpu t s ig n a l,  th e  d ra in  l im it in g  occurs and the am plitude  
o f  o s c i l la t io n  is  not l im ite d  by th e  s e l f - l im i t in g  fe a tu re  o f  the
o s c i l la t o r .  In  th is  case, the  c i r c u i t  behaves l ik e  th a t  o f  th e  BJT 
t r a n s is to r  o s c i l la t o r ,  as shown in  F ig . 3 .1 3 .
The d ra in  c u rre n t a t below th e  p in c h o ff  is  g iven by [1 6 ] ,
r? v  v _v i  v i  y _v i  ~)
.  r VGS r j. GS D S.2 , UG S ;- r 2 /G S  D S.2] I  (4 .1 0 )  ■
d ■ Go i ~ r ~  [ ( ~ 7 — 1 '  ( v /  ] + ds y  7 — 0 J
fo r
VGS- VDS>VP’ VGS>VP C4' U >
This expression c o n s titu te s  th e  d ra in  c h a ra c te r is t ic s  o f  th e  JGFET
tr a n s is to r  fo r  g a te - to -d ra in  v o lta g e s  g re a te r  than Vp , and the  curves are  
continued o n ly  to  th e  p o in ts
VDSC5at0 = VGS'VP C4' 12)
(70)
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F ig .4 .5  The g ra p h ic a l a n a ly s is  o f a CG t ra n s is to r
o s c i l la t o r  o p e ra tin g  in  c lass C. The c i r c u i t  
is  b iased from a c o n s ta n t-c u rre n t source.
(72)
beyond which Equation (4 .1 0 )  is  not tru e  fo r  a re a l JGFET t r a n s is to r  in  
two resp ec ts . The f i r s t  is  th a t  1^ above s a tu ra tio n  is  not com plete ly  
constant but grows s lo w ly  w ith  VDg. This re s u lts  from a s l ig h t  leng then ing  
o f the  p in c h e d -o ff  reg io n  w ith  in c rease  in  VDS, which makes th e  e f fe c t iv e  
channel len g th  somewhat s h o rte r  than L (F ig . 4 .1 )  [1 7 ] .  This increases Gq 
and through i t  1^, and consequently , the  d ra in  c h a ra c te r is t ic s  w i l l  have 
a s l ig h t  p o s it iv e  s lo p e , in d ic a t in g  an ou tput adm ittance gQ la rg e r  than  
zero:
31D
3VDS Vn = constant bb
The second is  th a t  the  top and bottom p a rts  o f  the  gate ju n c tio n  are  
u s u a lly  asym m etrical and ob ta ined  by d if fu s io n  w h ile  Equation (4 .1 0 )  
assumes th a t  these are sym m etrical [1 7 ] .
S u b s titu t in g  (4 .1 2 )  in to  (4 .1 0 )  and e lim in a tin g  VDg, g iv e  an 
expression fo r  the d ra in  s a tu ra t io n  c u rre n t as
I D(s a t
V 1 V
V [1 -  1  ( _ ® ) :V - - P
GS 3 V„ 3 (4 .1 3 )
which fo r  V . = o  reduces to
V
TDSS = “ 3”  Go
hence,
31
G = o
DSS
Vr (4 .1 4 )
s u b s t itu t in g  th is  in to  (4 .1 0 )  g ives  
■~2V
I =1 D DSS V
V 1 GS r (  GSx2 I ly J
V -V  I  3V V -V  1/G S  D S /-, DS r 2 /G S  DS /  1 1 (_(— -----) 1 4 -y—  [3 (— ---  ) - U H
f ( VGS’ VDS>
(4 .1 5 )
fo r
V -V  >V V >V GS DS P* GS • P
At above the p in c h o ff ,  an JGFET t r a n s is to r  e x h ib its  a reg io n  o f  
approxim ate ly  l in e a r  re la t io n s h ip  between the d ra in  c u rre n t and the  d ra in -  
to -so u rce  v o lta g e  fo r  a constan t g a te -to -s o u rc e  v o lta g e . This l in e a r
(73)
reg io n  e s s e n t ia l ly  extends from th e  s a tu ra t io n  curve [VDg(s a t .)= V Gg-V p] 
to  th e  p o in t where breakdown mechanism occurs. In  the fo llo w in g  a n a ly s is , 
we s h a ll assume th a t  a p ro je c t io n  o f  th is  c u rre n t-v o lta g e  l in e  to  zero c u rre n t  
y ie ld s  the e q u iv a le n t E a r ly  v o lta g e , as shown in  F ig . 4 .6 .  This assumption 
is  not r e a l ly  tru e  fo r  a r e a l JGFET, b u t, is  very  u se fu l fo r  developing  
an approximate, la rg e -s ig n a l model fo r  the  t ra n s is to r .
From F ig . 4 .6 ,  we can d e riv e  an equation  fo r  the  c u rre n t-v o lta g e  l in e  
a t  Vpg fo r  a d e f in i t e  VGg as fo llo w s ,
Xb = f V^GS’ VDS') + £ ( VGS’ VDS^  ' *-VDS_VDS  ^ (4 '1 6 )
where f ” (VQg>Vng) 4s sPoPe op l in e  and is  g iven by,
f ( V '  ,V ' )
f ' (VGS*VDS:) ■ ■ v /  v ■ C4 - 17)
D o  — 0
where f ( V Y , V Y )  and f ' ( V Q , V Y )  can he ob ta ined  from Equation (4 .1 5 ) as,
b o  D o  b o  D o
3
- ? - ^  rq ? rq
W e s t s '  = W 3X -2X +2(vf) -3 <vf>] (4-18^
31JJ-ncc _i
f' ^ S ’VDS> = - Y p  <X “«  (4‘19>
where
x (4-20)
GS DS
and combining Equations ( 4 . 1 7 ) - ( 4 . 1 9 ) , we o b ta in  
V" 3 y V V*
[2 (  GS) 7  -3  (-p -)]X 3+ 3 (y ^  -  y ^ -)X 2 +1 = 0 (4 .2 1 )
VP P P P
4 *4 . I t e r a t iv e  Procedure fo r  the A p p ro p ria te  Com putation.
The roo ts  o f  th e  cubic equation  o f  (4 .2 1 )  can be computed by using  
th e  Newton-Raphon i t e r a t iv e  procedure ( th e  tangent m ethod)[1 7 ] .  This
method has th e  fa s te s t  convergence and can be sim ply w r it te n  in  a statem ent
as
x -X. FNFIX) (4 22)FND(X) (4.22)
where FNF(X) and FND(X) are,  r e s p e c t i v e ly ,  the function o f  (4.21) and i t s
(74)
Vos. DRAIN-SOURCt VOLTAGE (VOLTS)
F ig . 4 .6 .  T y p ic a l d ra in  c h a ra c te r is t ic s
(75)
d i f f e r e n t i a l .
Consequently, we can o b ta in  V 'g from (4 .2 0 ) ,  f * ( VQS, V f r o m  (4 .1 9 ) ,  
f f V ^ j V ' j , )  from (4 .1 8 )  and th e n , an expression fo r  the  d ra in  c u rre n t 
from (4 .1 6 )  on ly  by computing X from ( 4 .2 1 ) .  However, X is  s l ig h t ly  
g re a te r  than u n ity  and the r e a l  ro o t is  re q u ire d  fo r  th is  a n a ly s is .
In  o rd er to  enable th e  computer program to account a lso  fo r  the  
d ra in  l im it in g  fe a tu re  o f  th e  o s c i l la t o r  c i r c u i t ,  we can combine 
Equations ( 4 .1 5 ) - ( 4 .1 6 )  in  a s in g le  programme.
For c lass  C- o p e ra tio n , th e  expressions fo r  the d ra in  c u rre n t ought
l
to  be ’m u lt ip l ie d  by the  fo llo w in g  s ta tem en t,
r Vpc('t) -v
j l  + S G N [ l - ~  ] j- X 0»5  (4 .2 3 )
which e f f e c t iv e ly  becomes
0; when vGS( t )  < Vp , and 
+ 1; when v GS( t )  > Vp-
(4 .2 4 )
4 .5 .  Experim ental R esults  and D iscu ss io n s .
Equations ( 4 .1 5 ) - ( 4 .1 6 )  show th a t  a l l  the  computed and experim enta l
re s u lts  must be norm alized  to  g ra th e r  than g g is  always sm a lle r^mo n^tQ femo J
than g „ because tomQ
61 = 3 I[I 6V + 3 Ip  dVDS 6V
D 3VGS GS 3VDS dVGS GS
and by d e f in i t io n
61 D
’mo 6 VVIO
3l dV 3)
I) DS D
3VGS dVSG 3VDS
■ «mQ - NoGo ( 4 - 25)
where Nq and Gq a re , r e s p e c t iv e ly ,  the feedback r a t io  (th e  v o lta g e  gain
o f  the  o s c i l la t o r )  and the t r a n s is to r  o u tp u t conductance a t the o p era tin g
p o in t and is  a c tu a lly  a fu n c tio n  o f  YQ^.g can be measured as b e fo re . r  J GS7^mo
(76)
4 .5 .1 .  The T ra n s fe r  C h a ra c te r is t ic  o f  the U310N-Channel JGFET 
T ra n s is to r .
For o p e ra tin g  th e  common-gate C o lp it ts  o s c i l la t o r  o f  F ig .1 .8 ( b ) ,  
the U310 N-channel JGFET t r a n s is to r  is  used. One o f  the prom inent 
fe a tu re s  o f  U310 is  th a t  i t  is  capable o f  p ro v id in g  reasonably h igh  
gmq (maximum 18 mmhos)[18] which is  im portan t in  o s c i l la t o r  lo ad in g .
Shown in  F ig . 4 -7  is  th e  experim enta l se t up used fo r  measuring the  
in p u t/o u tp u t s t a t ic  c h a ra c te r is t ic s  o f  th e  t r a n s is to r .  The lyF  
c a p a c ito r  is  p laced  to  avoid  any p o s s ib le  o s c i l la t io n s  in  the c i r c u i t .
The re s u lts  are  p lo tte d  in  F ig s , 4 . 8 . - 4 . 9 .
\
Figures 3 .9  and 4 .8  show th a t  the  b ip o la r  t r a n s is to r  (an e x p o n e n tia lly  
c o n tro lle d  c u rre n t source) is  more n o n lin e a r than the JGFET, and i t s  
a p p ro p ria te  g ^  is  h ig h . Th is  fe a tu re  o f the  BJT t r a n s is to r  makes the  
design o f a c lass  C- o s c i l la t o r  c i r c u i t  ra th e r  e a s ie r . F igure  4 .9  
can be used to c a lc u la te  an approxim ate va lu e  fo r  V , and also G'' a t the  
o p e ra tin g  Q -p o in t.
4 .5 .2 .  The C h a ra c te r is tic s  o f  th e  Model and the Experim ental C ir c u it  
Performance a t  l.O lm HZ.
Before F o u rie r an a ly z in g  the  d ra in  c u rre n t waveform o f  the  
o s c i l la t o r  c i r c u i t ,  the au thor endeavoured to  i l l u s t r a t e  another model
fo r  th e  t ra n s fe r  c h a ra c te r is t ic  o f  JGFET [ I nc = f (V r,c)
D o  b o V  ^ *DS = const.
The a v a i l a b i l i t y  o f  a computer programme c a lle d  "POLYFIT" p e rm itte d  to
c a lc u la te  the c o e f f ic ie n ts  o f  the  po lynom ia l:
t  -  in  ('Ao+A1VGS+A2VGS+A3VGS+   ^ e 10f ( V^GS^  (4 .2 6 )iD -
The c h a ra c te r is t ic  o f  th is  model was ve ry  s im ila r  to  the experim enta l 
d a ta , as p lo tte d  in  F ig . 4 .8 .  The a p p ro p ria te  equation fo r  a gm was 
a lso  d erived  as,
(77)
F ig .4 .7  The exp erim en ta l c i r c u i t  setup fo r  
c h a ra c te r iz in g  the U310.
(78)
F ig .4 .8  The common-source t ra n s fe r  c h a ra c te r is t ic  o f  
the U310 JGFET t r a n s is to r .
(79)
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gmQ vDS=c°nst.-
= In  10 f ' ( V GS) e ln  1 0 f(V GS) (4 .2 7 )
( i n i t i a l  b ias  v a lu e s )^
Another programme was a lso  developed to  check the  dc behaviour o f  
the la rg e -s ig n a l model proposed in  S ec tio n  4 .3 ,  the computed re s u lts  
fo r  the o p e ra tin g  Q -p o in t:
VDD=1SV
vDS=*iov ;
VGS= -1 .806V
(4 .2 8 )
I dq=3.76mA
*13% IDSS(=29mA)
g m 0 = l l n i  1 1 1 1 1 0 3
are in  good agreement w ith  the experim enta l t r a n s is to r  perform ance,
F ig , 4 .9 .  A l l  the computer programmes are  given in  Appendix B.
O perating  the o s c i l la t o r  a t  th is  Q -p o in t, the c i r c u i t  s ta r te d  
o f f  o s c i l la t in g  w ith  an e x te rn a l load o f  almost 2K0 a t  a frequency o f  
fj=1.01M H Z. The same c i r c u i t  board was used and th en , the feedback 
r a t io  Nq was again 10. The com puted/experim ental re s u lts  are  p lo tte d  
in  F ig s . 4 .1 0 -4 .1 1 ,  fo r  c a lc u la t in g  th e  lo ad /am p litu d e  c h a ra c te r is t ic s  
o f  the o s c i l la t o r .  As b e fo re , using th e  load c h a r a c te r is t ic  o f  F ig .4 .1 0 ,  
we can o b ta in  the  fo llo w in g  p a r t ic u la r s ,
No
 ttt— r r  = the slope
W V 15
= 0.98K0
thus, Nq= 9 .7 ,1 .1 2  (4 .2 9 )
which are  what we expected [Equation ( 3 .4 3 ) ] ,  and the t o ta l  shunt loss  
re s is ta n c e  across the tank is  ob ta in ed  by,
No 1
£g~ ( N ~ i r l  * ■r - = the in te rc e
= 0 .5
which y ie ld s R '= l . 96KO (4 .3 0 )
(81 ) S
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Ift the  JGFET o s c i l la t o r ,  th e  c i r c u i t  is  always shunted by the  output 
re s is ta n c e  o f  the  t r a n s is to r  a t the s e le c te d  b ias  p o in t and then , is  a 
fu n c tio n  o f  VGg. At the  o p e ra tin g  p o in t  o f  ( 4 .2 8 ) ,  th is  re s is ta n c e  was 
alm ost l lK 0 (F ig .4 .9 )  which is  e f f e c t iv e ly  in  p a r a l le l  w ith  2.33KJ2 
[Equation ( 3 .4 1 ) ] .  Consequently, th e  p a r a l le l  com bination o f  these  
two re s is ta n c e s  p resents the t o t a l  loss in  the c i r c u i t ,  and
F in a l ly ,  a th resh o ld  load re s is ta n c e  o f  1.96KO is  ob ta ined  which is
| !
what we e x p e rim e n ta lly  observed.
The study o f  th is  o s c i l la t o r  was c a rr ie d  on fo r  another Q -p o in t 
which could p rov ide  some d i f f e r e n t  aspects o f  the c i r c u i t  performance  
such as the  d ra in  l im i t in g .  I t  was p re d ic te d  th a t  i f  the  t r a n s is to r  
was b iased somewhere in  the m iddle o f  th e  t ra n s fe r  c h a r a c te r is t ic  o f  
F ig .4 .8 ,  then:
a) the c i r c u i t  s ta r ts  o f f  o s c i l la t in g  w ith  a q u a s i- l in e a r  performance  
(c lass  AB), and runs in to  classes B and C as the am plitude o f  
o s c i l la t io n  in c re a s e s ,
b) as the  v o lta g e  excursion increases the  d ra in  l im i t in g  occurs
in  the c i r c u i t  and the  r e la t iv e  am plitude o f  the th i r d  harmonic 
o f  the d ra in  cu rre n t overtakes the second harmonic to produce 
the c e n tra l cu rre n t pulse(we s h a ll  r e fe r  to  th is  la t e r )  , and
c).- the  average v o lta g e  VpG v a rie s  s im ila r  to  th a t  o f  the BJT 
o s c i l la t o r  (S ection  3 .9 )
Bearing these in  mind, th e  fo llo w in g  Q -p o in t was chosen:
R Y llK ft  | 12. 33Kft
«1.92Kfl (4 .3 1 )
( i n i t i a l  b ias  va lu es ) ^ v gs= - ° - 9V
I DQ=16.49mA
(4 .3 2 )
* 55%IDSSC=29mA)
g ri=14.9Smmhos mO
(84)
In  o rder to run in to  c lass  C q u ic k e r, a feedback r a t io  o f  nQ=5 .7  was 
ch o s e n (la rg e r r f  swing v o lta g e ) .  The c i r c u i t  s ta r te d  of.f o s c i l la t in g  
w ith  an e x te rn a l load re s is ta n c e  o f  alm ost 1.6K  a t a frequency o f  
f^=1 .01M H z., and the d ra in  c u rre n t l im i t in g  occured when i t  was loaded  
by 2 .2K , as shown in  F ig .4 .1 2 . From th is  f ig u r e ,  we may say th a t  in  
the a c t iv e  reg ion  o f the d ra in  c u rre n t waveform the phasor sum o f the  
harmonics produces the c e n tra l shape o f c u rre n t, w h ile  in  the c u t­
o f f  reg io n  they cancel each o th e r to produce zero c u rre n t. The re s u lts  
are  p lo tte d  in  F ig .4 .1 3 . This f ig u re  shows th a t when the d ra in  c u rre n t  
l im it in g  occurs the f a l l  in  G ^ (fx ) is  s teeper which is  due to  the decrease  
in  the fundamental d ra in  c u rre n t.
4 .6 .  Conclusions
In  o rd er to  gain  some in s ig h t in to  the a c tu a l performance o f  an 
JGFET tr a n s is to r  o s c i l la t o r ,  one can use the square-law  t ra n s fe r  
c h a ra c te r is t ic  fo r  the t r a n s is to r  and perform  the  F o u rie r an a ly s is  o f  the  
d ra in  c u rre n t waveform. Th is  a n a ly t ic a l  s o lu tio n  is  very  l im ite d ,  b u t, 
th e  re s u lts  show th a t  th is  o s c i l la t o r  a c tu a lly  fo llo w s  the same s t a b i l i t y  
c r i t e r io n  which was derived  fo r  the BJT c i r c u i t .  However, to  overcome 
the a n a ly t ic a l l im ita t io n s  and o b ta in  an accurate  model fo r  th is  
o s c i l la t o r ,  com putational developments are e s s e n t ia l.
One p o s s ib i l i t y  o f  com puter-aided an a lys is  o f  the c i r c u i t  was to  
develop a la rg e -s ig n a l model fo r  the  t r a n s is to r  by f in d in g  the n o n lin e a r  
re la t io n s h ip  between the d ra in  c u rre n t and the te rm in a l v o lta g e s . This  
model was used to study some d i f f e r e n t  aspects o f  the o s c i l la t o r  
perform ance, and provided  good c h a ra c te r is t ic s  compared to  the  
experim enta l c i r c u i t  perform ance. However, more a ttem pt is  s t i l l  req u ired  
fo r  b e t te r  accuracy.
the d ra in  cu rre n t waveform a t the beginning  
o f the d ra in  c u rre n t l im i t in g (  11^=2.2K ) .
the d ra in  c u rre n t and the in p u t/o u tp u t vo ltages  
waveforms fo r  the open c i r c u i t .
F ig .4 .1 2  Experim ental 
observations
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4 .7 .  Suggestions fo r  F u rth e r Research a t VHF through Microwave 
Frequencies.
The u lt im a te  aim o f th is  work is  to  apply the  methods o f  a n a ly s is  
developed here to microwave t r a n s is to r  o s c i l la to r s ,  m ain ly  GaAsMESFET 
c i r c u i ts .
Before proceeding fu r th e r ,  i t  is  necessary to  p o in t  out th a t  in  
the BJT t r a n s is to r  the two ju n c tio n  cap ac ito rs  and model the  
in crem en ta l f ix e d  charges s to re d  in  the space-charge la y e rs  fo r
increm enta l changes in  th e  associated  ju n c tio n  v o lta g e s . Consequently,
!
each ju n c tio n  capacitance is  a n o n lin e a r  fu n c tio n  w ith  which i t  is  
a s s o c ia te d [2 0 ]. As was discussed in  Chapter 3, a t  low frequencies  the  
e f fe c ts  o f  these n o n lin e a r param eters can be e a s ily  n eg lec ted  in  
comparison w ith  the  la rg e  feedback c a p a c ito rs  and C^,  however, a t  
high frequencies  th ey  must he considered .
A lso th e  base re s is ta n c e  has a dominant in flu e n c e  upon the  
o p e ra tio n  o f  h ig h -freq u en cy  t r a n s is to r  c i r c u i t s ,  and e x h ib its  a n o n lin e a r  
c h a r a c te r is t ic  [2 1 ] .  I t  is  g re a t ly  a f fe c te d  by th e  c o lle c to r -b a s e  
d e p le tio n  la y e r . T h e re fo re , fo r  h ig h -freq u en cy  o s c i l la t o r  a n a ly s is  a 
complete model fo r  the BJT t r a n s is to r  is  e s s e n t ia l.
A serious problem in  the t r a n s is to r  o s c i l la t o r  c ir c u its  a t VHF 
through microwave frequenc ies  is  the  in te r n a l  feedback o f  th e  t ra n s is to r .  
Because o f  th e  in te r n a l feedback a genera l range o f  frequencies  e x is ts  
fo r  which a t r a n s is to r  (w ith  s u f f ic ie n t  power gain ) can be made to  
o s c i l la t e  by p ro p e rly  choosing the passive  p o r t io n . In  a d d it io n , the  
in te r n a l  feedback causes th e  t r a n s is to r  in p u t impedance to  be a fu n c tio n  
o f  the e x te rn a l load impedande because th e  output network is  e f f e c t iv e ly  
coupled to  the in p u t network by th e  c a p a c ito r  C^. A t r a n s is to r  
o s c i l la t o r  in  the common-base (o r  gate ) connection is  r a th e r  a u n i la t e r a l  
device because the in te r n a l  feedback c a p a c ito r  is  e f f e c t iv e ly  across the
(89)
output te rm in a ls  and th e n , the  ou tpu t is  decoupled from the  in p u t.
This is  a very  good advantage over th e  o th e r two p o s s ib le  connections  
(CE o r CC). The h ig h e r the  frequency, however, the  less  power output 
and th e  poorer the frequency s t a b i l i t y .
During th e  la s t  few years an e s p e c ia l type o f  JGFET was developed  
in  GaAs using a S c h o ttk y -b a rr ie r  g a te . This t r a n s is to r  is  very  u s e fu l 
fo r  microwave a p p lic a t io n . Th is  device  is  c a lle d  a GaAsMESFET 
(M Etal-Sem iconductor-FET) and a s e c tio n  through is  shown in  F ig .4 .1 4 .
I t  d i f f e r s  from the  lo w er-freq u en cy  S i JGFET in  the  fo llo w in g  respects  [1 7 ] .
'The channel reg io n  is  a v e ry  th in  (about 0 .2  ym fo r  13GHz. o p e ra tio n )  
e p ita x ia l  N -type GaAs grown on chromium-doped s e m i-in s u la tin g  GaAs 
s u b s tra te . This type o f  GaAs behaves l i k e  compensated in t r in s ic  m a te r ia l  
o f  ve ry  h igh  r e s i s t i v i t y  (tens o f  KO). The gate is  no t a PN ju n c tio n  b u t a 
S c h o ttk y -b a r r ie r  m etal co n tac t (about lym long fo r  13 GHz). A revers e  
v o lta g e  o f  a few v o lts  a p p lie d  between the  S c h o ttk y -b a rr ie r  gate and the  
source dep le tes  th e  conducting N re g io n  down to  th e  s u b s tra te . This is  
th e  p in c h -o f f  s i tu a t io n  th a t  we have encountered in  th e  JGFET.
2 - 1 - 1Due to the  h igh  e le c tro n  m o b il i ty  in  the e p ita x ia l  la y e r  (about 4000cm V s )  
and the  sh o rt channel len g th  L , th e  c a r r ie r  t r a n s i t  tim e is  approxim ate ly  
x = L /v s (th e  c a r r ie r  move a t  the  s a tu ra tio n  v e lo c ity  v g throughout most 
o f  the channel s ince i t  is  so s h o rt th a t  most o f  i t  is  pinched o f f  and 
has h igh  la t e r a l  f i e ld  in  i t ) .  The device c u t - o f f  frequency f T is
f T = Trrr
- l i  U.33)
7 - 1  7 - 1In  GaAs, v g fo r  e le c tro n s  is  about 2x10 cms , compared to  0 .8x10  cms
in  S i.  Consequently, a chanrfel len g th  o f  lym would r e s u lt  in  a device
whose f^  is  about 35 GHz. which is  a good s m a ll-s ig n a l microwave a m p lif ie r
o r , i f  a wide enough channel and good h ea t s in k in g  are  used, i t  can serve
as a power a m p lif ie r  to o . Power outputs o f  severa l w a tts , a t  frequencies
(90)
S o u rc e  
O h m ic  | iConlactsM
G a te  D ra in  S c h o t tk y  barrier
N  G a A s  ( - 1  O 1 7 c m “ 3 ) 
H i g h  r e s i s t i v i ty  
“ buffer layer
F i g .  4 . 1 4 . GaAs MESFET fo r  microwave use.
(91)
up to  15GHz., are  re c e n t ly  re p o rte d .
M od ellin g  th is  t r a n s is to r  in  com puter-aided design is  not easy.
A compromise must be made between com plex ity  and accuracy. G en era lly  
a v e ry  complex model w i l l  g ive  th e  best accuracy, re q u ir in g  much 
computer t im e . However, accuracy need not be b e t te r  than param eter 
spread ing , and a v e ry  complete model can be s im p lif ie d  according to  
th e  d es ired  accuracy.
F in a l ly ,  a t  th e  microwave frequencies  th e  gain  is  u s u a lly  low, 
and th e  e f fe c ts  o f  e le c t r ic a l  no ise  on the  behaviour o f  th e  o s c i l la t o r
j
becomes im p o rta n t. The main no ise  source o f  th is  t r a n s is to r  is  the  
therm al no ise  [2 2 ] .
Proof o f  General O s c i l la to r  R e la tio n s
Appendix A:
(93)
In  the a n a ly s is  g iven in  S ection  3 .4 ,  we used the fo llo w in g  m odified  
Bessel fu n c tio n s  [8 ] ,
V x) = e • Jm(Xe 4  ( A . l )
which fo r  m = o to  3 becomes
I 0 (X) = J0 ( j x ) ,  (A .2)
I 1 (X) =
= - j j / j x )
! = jJ jC - jx )  , (A. 3)
12 (X) = e ' j l , J2 ( jx )
= -  J 2 ( jx )  , and (A .4)
. 3tt
I j (X) = e '^ T "  J 3 ( jx )
= j J 3Cjx)
= j J 3 ( - j x ) .  (A .5)
which a re  sym m etrical in  X and p lo tte d  in  F ig . A . I .  We a lso  assumed th a t
o n ly  one harmonic added to  the fundamental s ig n a l o f  v BE( t ) *
S u b s titu tin g  Equation (3 .1 7 ) in t o (3 .1 9 ) ,  we can c a lc u la te  the  average
va lue  and the r e la t iv e  am plitudes o f  harmonic components o f the  c o lle c to r
c u rre n t waveform. For th e  average c u rre n t 1 ^ ,  we can w r ite
/T
XDC = T /
j rT VB E ^
= T 1  a R]4 c S e VT *d t
vncyj—  j i*2ir V 'co s (tU jt) V 'cos (2w^t+0)
aRI CS° T ‘ TH 4  6 6 .d (w 1t )  +'o
(2 it V 's in (w ^ t)  V2sin(2co1t  + 0)
e * . e . d t )  ] (A.  6)
where
vi ■ W /vt 
V2 ■ V 2fJ /VI
(A. 7)
(94)
F ig . A . I .  M o d ified  Bessel fu n c tio n s  described  by:
• H -i/L
I  (X) = e_;)n2 . J (XeD2) 
n . n
(95)
I f  the loaded Q o f  the  o s c i l la t o r  is  . .s u f f ic ie n t ly  h ig h , v RP( t )  w i l l  be
2p r a c t ic a l ly  s in u so id a l and then , V2<<1 and e is  very  s m a ll. Consequently, 
we can re w r ite  (A .6) in  a sim ple form o f  
VDC
¥_, 2 it V p o s C m . t )
XDC = aKI CSe ' 1 f  6 * [ l +v2cos (205^^1+0) JdCwp)
2 ir J
Vdc ° 9 V' (y -j J  V. cos (0 . t )
= aRI  e T [ I  ( v p + i -  J  V 'c o s ^ u  t+ 6 )e . d ^ t ) ]
o
hence v
DC
Y  - V c s 6 T • [ y v p + v ^ ip v p ic o s e  (A. 8)
The fundamental component o f  i^ C t) can be derived  by,
2 T T
11C fl)  -  f  i f  i^. ( t )  cos (0 . t )  dt+ J  i  ( t ) s i n ( 0 j t ) d t ]
0 VB E ^  ° VB E ^
2 T VT T VT= Y ctpIQse cos (w^t) dt+ J  aRIcse sin^ tjdt]
0 VDC o
V„ 2 2tt VYosCwjt)
= \ l cse • 27  [ /  e .cos(ai1t)d(a»1t )  +
o
2 7T V p o s (w  t)
J  V 'cos (2 0 p + 0 ) cos ( 0 ^ )0  .d^o t^jh
o
2tt VposCw-t)
J  e . sin(to.. t)d(a)_ t )  +
o
.2 it Yl'cos^-t)
j  Y^cos(20^ t+ 0) s i n ( 0^ t)e  .d ( 0p ) ]
0 ¥ o r , DC
¥  f  V '  2 tt
W  ■ Vcs6 T- k  {2*VVP+ /  [~*C3V0) *
o
Y p o s  (0^ t)cos (0 t^+0)]e .d(0 t^) +0+
V'  ¥ Zcos (0 . t )—2 J  [sin(30^ t+0)-sin(0^ t+0) ] .d(0p)
0
(A.9)
(96)
The terms ins ide  the brackets reduce to
V9 . 17 V p o s (a n t)
J  [cos(3m1t+0)+cos(o i1t+0 ) ]e  .d tw p )  =
o
_2
2
and,
2 TT
V2 f—  J  [c o s (3u > p )co s0 -s in (3u )p )s in 0+ co s (u )p )c o s 0 -
V'costwp) 
s in (w 1t )s in 0 ]  e . d ^ t )  =
V 2 . 2 i r [ I3 (V p c o s 0 -O + I1 (V p co s0-O ] =
7rV2[I1(Vp + I3(Vp]cos0
V2 / 2u Vpos(u) t )
Y~ J  [s in fS o j^ t+O j-s in tw ^t+O ) ]e  .d ( ( i)p )  =
o
2 TT
V2 (2~ J  [s in (3 w p )c o s 0 + c o s (3 u )^ t)s in 0 -s in (o )p )c o s 0 -  
o
VJcos (w p )  
cos (w p )s in 0 ]  e ,d (w p )  =
Vo
y - . 2Tr[0+I3 (V p  s in 0 -0 -1^  (V p  s in 0 ] =
uVp^CVp-^CVpisinO
S u b s titu t in g  ( A .1 0 ) - (A .11) in to  (A .9 ) ,  g ives
V|)C
VT r
11C f  i ) = V c s e J 2 I 1 C V p + V '[ I1 (V p  + I 3 (V J)]cose+
V2[I3(V')-I1(V1')]sin0|
(A. 10)
(A .11)
(A.12)
(97)
F in a l ly ,  the  second harmonid am plitude o f  i r ( t )  is  
2 2tt L
1 2 ( 2 € 1 > 2 V  ^ /  i c ( w 1 t ) C 0 S ( 2 w 1 t ) d ( w 1 t )  +
o
2+
iG(a)1t)sin(2a)^ t)d(w^ t) ]
voc
• VT 2 r  ,  V 'cos (to, t )
aICSG * 2 7T { /  [ 1 + V 2 c o s ( 2 a ) i t + 9 ^ e  1  l x
o
2tt V 'cos(a)1t )
cos(2u>^t)d(u>jt) + J  [1+V'cos (2w^t+e) ] e X
s{in(2b)^t)d(&)^t)
p  £, II V - tU D ^ U J . I J
f  e .cos (2a)^t)d(w ^t) +
VDC
VT 2 r 2 it 'cos (a ^ t)
■Vcs6 • 2
/■ 77 V 'cos (to .t) 
y  e . s in (2 a i^ t)d (w ^ t) +
o
/ 2t7 V 'cos (a b t)
J V'cos (2w^t+0) s in (2a )^ t) e .d (m ^t) -
The terms in s id e  th e  b rackets  can be c a lc u la te d  by 
2tt 2tt
V'cos (w11)
X
ZTT ZTT
/ V 'cos (a), t )  f  .te . cos(2aj^t)d(co^t)+y e . V^cos(2w^t+0)
cos (2w ^t)d (co^t) =
Z 77 V 'cos(w ^t)
I e . cos(2a)1t )d (w 1t )  +
o
v- F2 (  V 'cos (w .t ). f ' s „
2 y e  c o s O [c o s (4 w ^ t)+ l)] d(m^t)
o
f 2*  V 'cos(a)^t)
J e co s(2w ^t)d (w ^t)+
(A. 13)
(98)
V^cosO 2tt V p o s (w -t )
— 2------  t /  e .cos(4o)^t)d((D^t) +
and,
/ Vicos (to t )  e .d(to1t ) ]  =
o
r V' -i
2* I V vP +4  [ i 0 ( v p + i 4 ( v p ] c o s e l
/ 2lf V 'cosC w p)
/  e . s in (2w ^ t) d(to^t) +
o
, 2 IT
/
V p o s  (top )
e cos ^ o x t+ e )  s in  (to. t )  d(w11)
o
s in c e ,
/ ' 27TVj'cos(to1t )
J e sin(mu> t)d (to  t )= 0
o 1 1
hence (A .15) becomes
2tt V-Jcosttop) 
2 TT
e s in (2 w .t)d (to  t )  +o
V_ 2 [ (  Vpos(to  t )
2 |7  e sin(4to1t)cos0d(to11) -
o
J eVl COS^Wl t ^sin0 [1-cos (40^1:) ]d(c o p ) !  =
o
V2 ^  Vicos (to. t )
■ ~2 sinO[ J  e . d ^ t )  -
o
o
217 v p
e * .  cos (4co^t) d(to^t) =
VJcos(a)jt)
- 17 V2 [ I o^Vl^ - I 4 V^l^ ] s in 9 '
S u b s titu t in g  (A .14) a n d (A .16) in to  (A .1 3 ) ,y ie ld s
VDC
V ^ p -V c s"  T { 2I2(vP +vP Io(vP +V vpJcos‘>+
v '[ i4(vp-io(vp]sinej
(A. 14)
(A. 15)
(A .16)
(A .17)
Computer Programmes
Appendix B:
(100)
LOAD"POLYF IT "
+ -RUN
PROGRAM FOR POLYNOMIAL CURVE F IT T IN G
TH IS  PROGRAM F IT S  A POLYNOMIAL OF THE FORM
Y = A 8 + A l't r t+ A 2+ X t2+ A 3 '1SX T 3 + ...............................
TO A SET OF PO INTS .; - M IN IM IS IN G  THE SUM OF THE 
SQUARES OF THE ERRORS IN  THE VALUES OF V
NUMBER OF P O IN TS TO 6E F IT T E D  = ? 9
INPUT /,V COORDINATES OF POINT 1
? -o ? -1. 4756712input a , V COuRDI NATES OF POINT 2
y ■- 3 ? -1 40226141NPU7 ’ xj V COORD1 NAT ES UF POINT 3
7 •- 5 > 1. 3521825
INPUT *,|Y COORDINATES OF POINT 4
? — 1 ? 11. 1746412INPUT At Y COORDINATES OF POINT 5
7 ‘-I. 5 •/ •. 8836614INPUT A, V COORD 1 NAT ES UF POINT 6.
7 •-,> ? • ‘3718416
input a , V COORD 1 NAT ES UF POINT t'
•' -2. 5 v *— 1. 82S6531input a , Y COORD 1 NATES OF POI NT 8
7 -3 *, —4. 2676062INPUT /JY COORDINATES OF POINT y
? - 3 .  1 ? — 4. 8 2 3 S 0 8 7  
ORDER OF F I T  ^HIGHEST POWER OF A) - ? *6 
THE C O E F F IC IE N T S  OF THE POLYNOMIAL ARE
A 0 = 1. 4756712
H 1 = . / i" 046O2 6
A = 4. 2040287
A = 12. 775140
A 4 = 1 8 . 513345
H 5 - 14. 500205
A 6 - 6. 3260276
H t' = 1. 4184087
A C; =r . 12780123
DO YOU W lbh TO TRY ANuTHER ORDER WITH OUT RE—ENI BRING POINTS. ? N
STOP AT 0008 
•f bye
0 6 . " 2 6 /0 0  16: I S  S IGN-OFF.. 0+
0 6 / 2 6 / 6 0  16 : i s  lPU-USED.. 21  
0 6 / 2 6 / 8 0  16 ; I S  I /O -U SE D ? .525
BASIC. 2105
(101)
L0AD"PFET. RK"
*  L IS T  
0 0 1 0  REM 
0 0 2 0  PR IN T  
0 0 3 0  PR IN T  
0 0 4 0  PR IN T  
0 0 5 0  PR IN T  
006®  PR IN T  
BY THE"
0 0 7 0  P R IN T  
00SO PR IN T  
0 0 0 0  PR IN T  
0 1 0 0  PR IN T
0 1 1 0  P R IN T  "VGS<V> ID S <MR>"
0 1 2 0  P R IN T  " -------------   "
0 1 3 0  RERD V
0 1 4 0  LET R = l .  4 7 5 6 7 1 2 + .  7 7 9 4 6 8 2 6 * V + 4 .  2 9 4 9 2 9 7 * V T 2 + 1 2 .  7 7 5 1 4 9 + V T 3 + 1 8 .  5 1 3 3 4 5 + V  
+4
0 1 5 0  LET B=14. 5 9 0 2 0 5 + V T 5 + 6 .  3 2 6 0 2 7 8 + V f 6+1 . 4 1 8 4 0 8 7 + V T 7 + .  1 2 7 8 9 1 2 3 * V T S  
0 1 6 0  LET I= 1B T <R +B >
0 1 7 0  P R IN T  TAB<8 >; V; T A B < 9 > / I
0 1 8 0  GOTO 0 1 3 0
0 1 9 0  END
0 2 0 0  DRTR 0
0 2 1 0  DRTR 2 5
0 2 2 0  DRTR -  5
0 2 3 0  DRTR 75
0 2 4 0  DRTR - 1
0 2 5 0  DRTR - 1 .  2 5
026©  DRTR - 1 .  5
0 2 7 0  DRTR —1. 75
0 2 8 0  DRTR - 2
0 2 9 0  DRTR - 2 .  2 5
0 3 0 0  DRTR - 2 .  5
0 3 1 0  DRTR - 2 .  7 5
0 3 2 0  DRTR - 3
0 3 3 0  DRTR - 3 .  0 5
0 3 4 0  DRTR - 3 . 1
.+ •
+ ** PROGRAM NAME: P F E T .  AK, D R TE : S E P T E M B E R  1 9 8 0  * * *
"N. B. "
" T H E  U 3 1 0  N -C H R N N E L  J G F E T  T R R N S F E R  C H A R A C T E R I S T I C ’ I S  M O D ELLED  
MP O L Y N O M I A L : "
" I D S = 1 0 t < A 0 + R i* V G S + A 2 * V 6 S t 2 + A 3 + V G S t 3 + .......................> "
RUN 
N. B.
THE U 310  N-CHRNNEL JGFET TRANSFER CHRRRCTERISTIC  I S  MODELLED*BY THE 
POLYNOMIAL:
I DS=10 t  < A 0 + A l*V G S + A 2 * V G 5 t2 + A 3 * V G S T 3 + ...................... >
1DS<MA>
29. 9 0 0 0 0 1  
25. 6 5 4 1 0 5  
22. 4 9 9 9 9 ?
IS .  2 9 1 0 1 9  
14. 9 5 0 0 2 7  
11 . 5 9 3 3
7. 6 5 0 0 6 2 1
4. 1 4 8 7 4 9 7
1. S 7 0 U 7 0 4  
. 6 1 4 0 4 1 9 7  
9. 3 4 1 2 4 5 4 E - 0 2  
3. 6 6 9 0 4 0 5 E - 0 3
5. 4 0 2 1 1 7 8 E - 0 5
2. 6 3 2 4 9 4 7 E - 0 5
1 . 5 0 0 7 1 6 1 E - 0 5
ERROR 1 5  RT 0 1 3 0  -  END OF DATA 
*  BYE
09/01/88 1 2 : 3 6  S IG N -O F F ;  02  
0 9 / 0 1 / 8 0  12:  3 6  CPU-USED.. 1 
0 9 / 0 1 / 8 8  1 2 : 3 6  I /O -U S E D ;  2 4 5
(102)
BASIC. 2105
VGS<V>
0
25
5
-. 75 
-1
-1. 25
8i
-1. 5 
-1. 75
— V
-2. 25 
-2. 5 
-2. 75 
-3
-3. 05 
-3. 1
(103)
LORD'? DC JGFET. RK"
*  L IS T
0 0 1 0  REM * * *  PROGRAMME NAME:' DC' JGFET. RK* DATE: SEPTEMBER 1 9 8 0  ***
0 0 2 0  REM
0 0 3 0  REM
004O REM DEVELOPMENT OF R LARG E-SIGNAL MODEL FOR THE JGFET TRANSISTOR
O060 P R IN T  
0 0 7 8  PR IN T
O 080 P R IN T  " T H IS  PROGRAMME CHECKS THE DC CHARACTERISTICS OF R .LARGE-SIQ N  
AL"
009O P R IN T  "MODEL FOR THE U 318  N-CHANNEL* 'JGFET TRANSISTOR DEVELOPED FOR
11
0 1 0 0  PR IN T  "STUDING THE S E L F - L IM I T IG  & THE DRAIN L I M I T I N G  FEATURES OF TH 
E"
O H O  P R IN T  "C O L P IT T S  C IR C U IT .  "
0 1 2 0  P R IN T
013O PR IN T  " IN P U T  VGS IN  V"
0 1 4 0  INPUT V I  
•015O LET X - l  
0 1 6 0  LET j V 2 = - 3 .  1 
0 1 7 0  LET V 3 = - 3 2
0 1 8 0  DEF F N F <X > = <2 *  < V1 /  V 2 ) f  < 3 /  2  > -  3  + <V3 / V2> > * X t 3 + 3 * <  <V 3 / V 2 > - < V l / V 2 >  > * X t 2 +  
,* 1
019O DEF FND<X ) - 3 + <  2 *  < V 1 /V 2  ) T < 3 / 2 ) —3 * <  V 3 /V 2  ) >* X T 2 + 6 *  < < V 3 / V 2 > -  < V 1 /V 2  > > +X 
020O  LET Y=X
O 210 LET X = X -F N F < X V F N D < X >
O 220 I F  ABS<Y~X>>. OOOOOl THEN GOTO G 180  
O 230 PR IN T  
024O PR IN T
O 250 PR IN T  "THE FOLLOWING RESULTS ARE FOR THE OPERATING Q - P O I N T : "
026O  PR IN T
6 2 7 0  PR IN T  " V G S = " V ± " < V )"
O 280 PR INT  
029O PR IN T
030O P R IN T  " VDS<V> ID  <MR> X V 'D S <S R T > <V > VDSCSRT)
<. V ; "
  n
032O LET V4 = V * 1 - V 2 /<X T 2 >
8 3 3 0  LET V 5 = V 1 -V 2
O340 FOR V6=. 5 TO *10 STEP . 5
035U  LET P=21. 1 * < 3+XT < - 2 > - 2 * X T  < - 3 > + 2 * <  V 1 / V 2 t  < 1. 5> - 3 +  < V 1 / V 2 >
0 3 6 0  LET R=. 5+ < 1+SGN< 1 - V 4 / V 6 > > *  <P+ < 3 * 2 1 .  1 / V 2 > +<X T < - 1 > - ! > * <  V 6 - V 4 )  >
037O  LET S = 2+  c! V I / V  2 > *  < <V 1 / V 2 >T. 5 -  < < V 1 - V 6  >/ V 2 >T. 5>
O.380 LET T = 3 * < V6/ V 2 > *  < < 2 / 3 > *  < <V 1 - V 6>/ V 2 ) T. 5 - 1  >
039O  LET U=21. 1 * .  5 * < ± + S G N < ± - V 6 /V 4 > > * < S + T ;
040O LET I=R+IJ
041O  PR IN T  TAG<3>* V6* TAB< 1 1 ; *  I ;  TAB<24>; X* TAB<38>; V4* T A B < 54 > *V 5  
042O NEXT V6 
043O END
(104)
*  ‘RUN
T H IS  PROGRAMME CHECKS' THE DC CHARACTERISTICS OF A LARGE-SIGNAL  
MODEL FOR THE U 310  N-CHANNEL JGFET TRANSISTOR DEVELOPED FOR 
STUDING THE S E L F - L IM I  T IG  & THE DRAIN L IM I T I N G  FEATURES OF THE 
C O LP ITTS  C IR C U IT .
INPUT VGS IN  V 
? -1. 8OS
THE FOLLOWING RESULTS ARE FOR THE OPERATING Q -P O IN T :
V G S =-± . 8©6<V>
>s<v> ID<MH > X V-'DS<SATXV> VDS<SATX
. 5 1. 9001878 1. 0044157 1. 266803 •1. 294
1 2. 8428871 1. 0044157 *1. 26680-3 1. 294
•1. 5j 3. 0072711 •1. O044157 1. 266803 •1. 294
~J 3. 0521558 1. 0044157 1. 266803 1. 294-
2. 5 3. 0970404 i. 0044157 1. 266803 1. 294
3 3. 1419251 1. 0G44157 1. 266803 1. 294
3. 5 3'. 1868097 1. 0044157 1. 266803 1. 294
4 3. 2316944 1. 0044157 1. 266803 1. 294
4. 5 3. 276579 1. 0044157 1. 266803 1. 294
.5 3. 3214636 1. 004415? 1. 266803 •1. 294
5. 5 3.3663483 1. 0044157 1. 266803 1. 294
6 3. 4112329 1. 0044157 1. 266803 1. 294
6. 5 3. 4561176 1. 0044157 1. 266803 1. 294
7 3. 5010022 1. 0044157 1. 266803 1. 294
7. 5 3. 5458869 1. 0044157 1. 266803 1. 294O 3. 5907715 1. 0044157 1. 266803 1. 294
8. 5 3, 6356561 1. 0044157 1. 266803 1. 294y 3'. 6805408 1. 0044157 1. 266803 1. 294
9. 5 3. 7254254 1. 0044157 1. 266803 •1. 294
10 3. 7703101 1. U044157 1. 266803 1. 294
END AT O 450
*  b v e
0 8 / 2 0 , •■•'S'U 13 :  4 5  SIGN-OFF.. 02  
0 8 / 2 0 / 8 0  1 5 : 4 5  CPU-USED, 2 
0 8 / 2 9 / 8 0  1 5 : 4 5  I /O -U S E D ,  2 2 6
BASIC. 2105
(105)
LO A D "P O LVFIT"
*  RUN
PROGRAM FOR POLYNOMIAL CURVE F IT T IN G
T H IS  PROGRAM F IT S  A POLYNOMIAL OF THE FORM
V = H 0 + A1 +• A + A 2 *  A T 2 + A 3 + X T 3 + ...............................
TO A SET OF PO INTS , M IN IM IS IN G  THE SUM OF THE 
SQUARES UF THE ERRORS IN  THE VALUES OF Y
NUMBER OF PO IN TS TO BE F IT T E D  = ? -9
In p u t  ,vw y COORDINATES OF POINT 1
’29. 9 ? '0
INPUT A t Y COORDINATES OF POINT
v -22. 5 ? •— .
INPUT A,V COORDINATES OF POINT 3-
14. 95 ? —  1
—r “P —4 -c COORDINATES OF POINT 4
? ' 7. 6 5 ^ '-1. 5
INPUT X/Y COORDINATES OF POINT 5
? - s. 76 ? •“ 1. 806
INPUT A t Y COORDINATES OF POINT 6
? 1. 87 ? ’_ “j c.
INPUT X,V COORDINATES OF POINT (
? ' 0934 ? '“2*. 5
INPUT X,Y COORDINATES OF POINT o
? \ 000054 y ' —
INPUT X,Y COORDINATES OF POINT y
? -0 ? — 3. i
ORDER OF F I T  <HIGHEST POWER OF X> = ? 9 
THE C O E F F IC IE N T S  OF THE POLYNOMIAL ARE
A 0 =-3. 050108
H 1 = 6. 4288211
A 2 =-5. 9686035
A 3: = 1. 9585477A 4 =-. 26274797
A 5 = 1.3513747E-02
A 6 =-5.9267913E-05
A 7 =-1. 3O47746E-05
A 8 = 2.0352254E-O?
H y = 1. 6203O33E-09
DO YOU WISH TO TRY ANOTHER ORDER WITH OUT RE-ENTERING  POINTS. ? N 
END OF LIBRARY PROGRAM
STOP AT 9 9 9 0  * .
LOfllV 'JGFCOLP. HK" (106)
+ L IS T
0 0 1 0  REM 
0 0 2 0  REM 
0 0 3 0  REM 
G 040  REM 
0 0 5 0  REM 
0 0 6 0  REM 
0 0 7 0  REM 
0 0 8 0  REM 
£1090 REM 
0 1 0 0  REM 
011G  REM 
0 1 2 0  REM 
0 1 3 0  REM 
0 1 4 0  REM 
0 1 5 0  REM 
0 1 6 0  REM 
0 1 7 8  REM
A COMPUTER ALGORITHM TO DETERMINE THE STEADY-STATE  
RESPONSE OF A LOW-FREQUENCY C O LPITTS  OSCILLATOR B IASED  
FROM A CONSTANT-CURRENT SOURCE ID S  AND DRIVEft AT IT S  
SOURCE TERM INAL* CONMON-GATE >BV THE INPUT VOLTAGE V I < T X  
THE’ TRANSISTOR IS  MODELLED BY:
WHICH IS  TANGENT TO THE USUAL EXPRESSION FOR THE DRAIN  
CURRENT AT BELOW THE P IN C H -O F F  POINT. T H IS  MODEL CAN BE 
USED TO COMPUTE THE S E L F - L IM IT IN G  ft THE DRAIN L IM IT IN G  
ASPECTS OF THE OSCILLATOR IN  A S ING LE PROGRAMME.
+ PROGRAM NAME: JGFCQLP, AK* DATE: SEPTEMBER 1 9 8 0  *
S E L F - L IM IT IN G  JGFET C O LPITTS  OSCILLATOR ANALYSIS
ID=FCV^GS* V'DS>+F'< V' GS* V•'DS>+<VDS-V' DS>
8 1 8 0  REM
0 1 9 0  P R IN T  " IN P U T  IDG IN  MA"
0 2 0 0  INPUT I
0 2 1 0  FORINT . *’
0 2 2 8  P R IN T  "N. B. "
0 2 3 0  P R IN T
0 2 4 6  P R IN T  " T H IS  PROGRAM ASSUMES THAT THE TRANSISTOR IS  B IASED FROM"
025O  PR IN T  "A CONSTANT-CURRENT SOURCE ID S  AND DRIVEN AT IT S  SOURCE"
026O P R IN T  "TERMINAL <COMMON-GATE) BY THE INPUT VOLTAGE V I < T ) .  THE"
0 2 7 0  PR IN T  "TRANSISTOR IS  MODELLED B Y :"
0 2 8 0  PR IN T
0 2 9 0  PR I  NT ” I  D=F < V '  GS* V '  DS > +F '  < V '  GS* V " DS > +  < V D S -V  •' DS > "
030O  PR IN T
O 310 P R IN T  "WHICH IS  TANGENT TO THE USUAL EXPRESSION FOR THE DRAIN"
0 3 2 9  P R IN T  "CURRENT AT BELOW THE P IN C H -O F F  POINT. "
6 3 3 0  LET A = -3 .  0 5 0 1 0 8 + 6 .  4 2 8 8 2 1 1 * 1 - 5 .  9 6 8 6 0 3 5 + 1 1 2 + 1 .  9 5 8 5 4 7 7 + 11 3 - .  2 6 2 7 4 7 9 7 + 1
043O  PR IN T
044O  PR IN T  "FO URIER ANALYSIS OF THE C O LP IT T S  OSCILLATOR CURRENT WAVEFORM
14
G340 LET B = l;  3 5 1 3 7 4 7 E - 0 2 + 1 1 5 -5 .  9 2 6 7 9 1 3 E - 0 5 + I 1 6 —1. 3 O 4 7 7 4 6 E - 0 5 + I1 7  
035O  LET C=2. O 3 5 2 2 5 4 E - 0 7 + 1 1 8 + 1 .  6 2 0 3 U 3 3 E —U 9 + 1 1 9  
0 3 6 0  LET V0=A+B+C  
037O  LET V1=V 0
038O  LET D - l .  4 7 5 6 7 1 2 + .  7 7 9 4 6 0 2 6 + V 1 + 4 .  2 9 4 9 2 9 7 + V 1 T 2 + 1 2 .  7 7 5 1 4 9 + V 1 1 3 + 1 8 .  5 1 3 3 4  
5 + V i 1 4
II
045O PRINT "
II
0468 PRINT "THE OPERATING Q-POINT OF THE OSCILLATOR IS:"
0470 PRINT "BIAS I D Q = " ", "BIAS VGSQ="V1"<V>"/ "BIAS GI*1Q*"Q"CMMHOS 
> "
0480 PRINT
0490 PRINT " V1<V> ID<F1>, <NA) I D < 2 + F 1 ) j <MR> GM<F1,V6H0 VGS
0<V>"
0500 PRINT " ------
(107)
0510
0520
0530O540
0558
0560
0570
0580
0590
0600
0610
0626
0630
06400650
8660
0670
0688
X V < -
0690
0700
0710
07200730
0740
0758
/ < -3.
0760
0770 0780 
0790 
0300 
0810 
0820 
0830 
0340 
0850 0866 
0870 
0880 
0890 
; Vy 
0960 
1120
E N T E R  " S I N R U L E "
LET A 9= 0
LET B9=8+A TN <1>
LET R 9= 0 1  *
LET V 2 = l - < 1 /2 9 .  9 ) t < l / 2 .  355>
LET V 1= V 2
FOR V3=. 1 / 3 .  1 TO 1 / 3 .  1 STEP . 1 / 3 .  1  
DEF FNU<X >=V 2 + V 3 + S IN  < X >
DEF F N Q X ) = < < 1+SGN< 1 -F N U < X > > > +. 5 * < 1 - F N U O O  > > t2 .  3 5 5  
GOSUB 9 0 2 4  
LET I 1 = 1 9 / 8 9
I F  ABS < < 11 - I / 2 9 .  9> > /<  I / 2 9 .  9> ><. 0 0 1  THEN GOTO 0 6 5 0  
LET V 2 = V 2+  <V I - < 1 - 1 I f  < 1 /2 .  3 5 5 ) > >
I GOTO 0 6 0 0  
• LET Y = l .  0 0 4 4 1 5 7
DEF F N V O O = -3 .  1 + V 2 + 3 . ± * V 3 * S IN < X >
DEF FNN < X > = FNV < X ) +3. 1 / Y f 2
DEF FNA0 0 = 2 1 .  l * < 3 * Y t < - 2 > - 2 + Y C - 3 3 + 2 + < F N V O X > / < > 3 .  l ) ) t ( l ,  5 > -3 + < F N V <
■3. 1>> >
DEF FNB<X > = 3 +  <21. l / C - 3 .  1 ) > + < Y T < - l ) - l >
DEF FNC < X > = - 3 .  1 + V 2 + 1 0 + 3 .  1+V 3+S  1N <X >
D E F  F N D <X >= 5 * C 1 + S G N <1 - F N W < X >/ F N C <X >>)
DEF F N Q 0 > 0 = F N 0 < X > *< F N A < X )+ F N B < X > *< F N C < X > -F N N 0 O > > + S IN 0 X >
GOSUB 9 0 2 4  
LET H = 2 + I 9 / B 9
DEF F N F < X > = 2 * < F N V < X V < - 3 .  1 > > * < < F N V < X > /< -3 .  1 ) > T .  5 -< < F N V < X > -*F N C < X > > 
1 )> + .  5 )
DEF FNG<X > = 3 * <FNC<X > / < - 3 .  1  > > *  < < 2 /3 > + <  <FNV<X ) -F N C <X ) ) / < - 3 .  1 )  >t .  5 - 1
DEF FNH<X > = . 5 * < 1+SGN<1 -F N C <X ) /F N W <X ) > )
DEF; FNQ<X > =FN H <X > * 2 1 .  1 *< F N F < X > -F N G < X > > *S IN < X >
GOSUB 9 0 2 4
LET 12 = H + 2 + I 9 / B 9
LET Q l= Q “ 1 0 / l i
LET G l=  12/<.V3+3. D / Q l
D EF F N Q C X ) = F N D <X ) * < F N f l<X > + F N B <X > *  <F N C <X >- F N W O X ) ) ) * C O S <2 * X )
GOSUB 9 0 2 4  
LET ,1 = 2 + 1 9 /8 9
DEF FNQ<X ) =FN H <X >+21. 1+  < F N F <X ) -F N G <X >>+COS< 2 + X )
GOSUB 9 0 2 4  
LET I 3 - J + 2 + I 9 / B 9
P R IN T  TAB<2>; V3+3 . 1; TAB< 1 0 ) ;  12) TA B<24>; 13; Th B ( 4 1 ) ; G 1 ;  TAB( 5 6 )
NEXT V3  
END
(108)
RUN
INPUT 1DQ IN  HA
? *3. 76  - • . -
N. B.
T H IS  PROGRAM ASSUMES THAT THE TRANSISTOR I S  B IASED FROM 
A CONSTANT-CURRENT SOURCE ID S  AND DRIVEN AT IT S  SOURCE 
TERMINAL CCOMMON-GRTE> BY THE INPUT VOLTAGE V I< T > .  THE 
TRANSISTOR I S  MODELLED BY:
ID =F<V-'G S/ V 'D S > + F ' '  <V 'G S , V'/ D S > *< V D S -V -D S >
WHICH IS  TANGENT TO THE USUAL EXPRESSION FOR THE DRAIN  
CURRENT AT BELOW THE P IN C H -O F F  PO INT. •'
FOURIER A N ALYSIS OF THE CO LPITTS OSCILLATOR CURRENT WAVEFORM
THE OPERATING Q -P O IN T  OF THE OSCILLATOR IS :
B IA S  IDQ= 3. 76<MA> B IA S VGSQ=-1. 8 0 6 0 1 2 7 <V>
B IA S  G^1Q= 10. 4 6 6 1 3 3 < MMHOS>
V 1 ( V ) I D < F i> ,  <MA> ID < 2 * F 1 > /  <MA> G M C FD /G N O VGSQ<V >
. 1 . 9 5 5 4 5 7 0 4 2. 7 0 6 6 8 0 7 E- 0 2 . 9 9 9 7 4 1 4 1 - 1 .  8 1 8 2 4 7 7
 ^ cl 1. 8 8 4 5 7 9 7 . 1 6 3 8 6 7 4 1 . 9 8 5 9 6 3 9 3 —1. 8 2 5 2 5 0 2
. 3 2. 7 5 3 6 1 3 6 . 3 7 4 2 5 6 6 2 . 9 6 0 4 1 3 5 1 - 1 .  8 3 8 3 4 1 1
. 4 3. 5 2 8 3 0 2 6 . 6 7 7 5 0 7 3 1 . 9 2 2 9 5 8 8 8 - 1 .  8 5 7 2 7 8 3
. 5 4. 1 3 2 9 9 0 9 1. 0 7 5 3 8 8 6 . 8 6 4 9 1 0 1 - 1 .  8 8 1 5 1 3 9
. 6 4. 4 9 7 6 4 0 8 1. 5 5 7 0 6 0 4 . 7 8 4 3 5 0 2 5 - 1 .  9 1 1 4 1 7 1
. 7 4. 6 9 4 9 1 4 8 2. 0 8 5 4 4 4 9 . 7 0 1 7 8 8 4 1 - 1 .  9 4 7 1 3 0 9
. 8 4. 7 4 1 8 0 6 3 2. 5 8 8 8 4 1 6 . 6 2 0 6 9 3 3 4 - 1 .  9 8 9 3 6 1 1
. 9 4. 7 5 3 2 8 3 2. 9 8 4 1 6 4 . 5 5 2 6 2 1 3 8 - 2 .  0 3 7 4 5 1 9
1 4. 8 2 1 1 9 2 9 3. 3 0 4 1 7 5 5 . 5 0 4 4 6 4 9 9 - 2 .  0 9 1 6 3 1
END AT 1 1 2 0* •
(109)
RUN
INPUT IDG IN  MA 
?  - 1 6 .  4 9
N. B.
T H IS  PROGRAM ASSUMES THAT THE TRANSISTOR IS  B IASED FROM 
H CONSTANT-CURRENT SOURCE ID S  AND DRIVEN AT IT S  SOURCE 
TERMINAL <COMMON-GATE > BY THE INPUT VOLTAGE V I ( T ) .  THE 
TRANSISTOR IS  MODELLED BY:
ID = F < V •-OS; V D S > + F < V ' OS; V XD S > * < V D S -V ' D S>
NHICH IS  TANGENT 7 0  THE USUAL EXPRESSION FOR THE DRAIN  
CURRENT AT BELOW THE P IN C H -O F F /P O IN T .  .*
FOURIER ANALYSIS OF THE C O LPITTS OSCILLATOR CURRENT WAVEFORM
THE OPERATING Q -P O IN T  OF THE OSCILLATOR IS :
B IA S IDQ= 16. 4 9 < MA> ; B IA S  VGSQ=- 9 O 6 0 1 2 7 C V )
B IA S  GMQ= 16. G15133CMMHOS)
V1CV) IOC F I ) . .  CMA) ID C 2 + F 1 ) ,  CMA) G M C FD /G M O VGSOCV)
•1 14. 7 6 4 2 6 8 . 9 06 6 8 O 7 95g £ i4141 - .  9 1 8 2 4 7 7
•1. 1 16. 2 3 9 4 3 6 i .  4 2 7 5 8 1 3 . 9 9 9 8 6 3 9 3 - .  9 2 0 2 5 0 2
•1. 2 17. 5 6 6 0 2 3 1. 9 0 4 2 5 6 6 . 9 9 1 4 1 3 5 1 - 1 .  0 4 7 3 4 1 1
1. 3 18. 8 2 9 1 8 5 2. 1 5 1 6 4 0 7 . 9 8 0 9 5 8 8 8 - 1 .  6 8 4 2 7 8 3
i .  4 19. 9 6 6 5 8 8 2. 1 4 5 3 8 8 6 . 9 6 5 9 1 0 1 - 1 .  0 8 6 5 1 3 9
1. 5 20. 7 1 5 8 5 6 2. 2 1 7 Q 6 0 4 . 9 3 5 3 5 0 2 5 - 1 .  0 9 5 4 1 7 1
1. 6 21. 0 6 7 7 9 9 2. 4 8 5 4 4 4 9 . 8 9 1 7 8 8 4 1 —1. 0 9 3 1 3 0 9
1. 7 20. 4 3 4 3 3 4 2. 2 5 8 8 4 1 6 . 8 1 4 0 3 3 3 4 - 1 .  O 1 0 3 6 1 1
1. 8 20. 2 6 8 3 7 1  . . 4 3 4 1 6 4 . 7 6 2 6 2 1 3 8 - 1 .  0 8 6 4 5 1 9
1. 9 20. 0 4 3 4 2 4 . 2 6 5 8 1 3 2 . 7 1 4 4 6 4 3 9 - 1 .  0 1 1 6 3 1
END AT 1 1 2 0  + •
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